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ABSTRACT

In this thesis we mainly focus on characterizing the non-linear evolution of dark
energy and modified gravity models with the aim to probe some of these models
precisely while treating all cosmological components including the dark energy
part accurately. This treatment of dark sector is especially required by the future
high precision cosmological surveys.

In Chapter [1) we discuss the standard model of cosmology and some estab-
lished ideas which are necessary for the rest of this thesis. We will also talk about
the importance of the effective field theory description of dark energy models and
how one can implement this general description in N-body codes.

We introduce k-evolution a relativistic N-body code, designed to simulate
clustering dark energy while keeping all the relevant non-linear terms in Chapter
2. However, in this chapter we show the results for when the clustering dark
energy becomes non-linear due to following the dark matter particles. We specif-
ically focus on k-essence with a speed of sound much smaller than unity but we
lay down the basis to extend the code to other dark energy and modified gravity
models.

Chapter 3/ is dedicated to study of cosmological observables on the past light
cone of a fixed observer in the context of clustering dark energy. In this chap-
ter we focus on observables that probe the gravitational field directly, namely
the integrated Sachs-Wolfe and non-linear Rees-Sciama effect (ISW-RS), weak
gravitational lensing, gravitational redshift and Shapiro time delay.

In Chapter 4 based on k-evolution and gevolution codes we quantify the non-
linear effects from clustering dark energy through an effective parameter p that
encodes the additional contribution of a dark energy fluid or a modification of
gravity to the Poisson equation. We also discuss how the parametric form of u
can be used to improve Fisher forecasts or Newtonian N-body simulations for
clustering dark energy models.

In Chapter 5| we discuss non-linear terms in the Effective Field Theory of
Dark Energy (EFT of DE) for k-essence model. We study such models in 3+1



dimensions using cosmological N-body simulation k-evolution and we show that
several k-essence simulations seem to blow up as a function of parameters. This
led us to an interesting question of blow-up in partial differential equations of
the hydrodynamic type appearing in cosmological dark energy simulations. We
have discovered the non-linear instability and studied it analytically in 1+1 di-
mensions.

In Chapter 6] we discuss about the possibility of detecting the relativistic
corrections in cosmological N-body simulations. We give a recipe for the needed
temporal and spatial resolution of an N-body simulation such that one can detect
the relativistic corrections in a specific orbit.

In Chapter |7/ we introduce MG-evolution, an N-body code based on gevolu-
tion for parametrised modifications of gravity. This code is built based on the
combination of parametrised linear model with a parametrisation of the highly
nonlinear regime extrapolated from modified spherical collapse computations.
We test MG-evolution against linearised and Chameleon f(R) gravity and the
normal branch of the Dvali-Gabadadz-Porrati braneworld model with and with-
out Vainshtein type screening mechanism.

Chapter |8 is devoted to the study of the turn-around radius — special radius
that the inwards gravitational attraction and the outwards expansion of the
Universe cancel each other — as a probe of gravity.

Our conclusions and outlook are summarized in Chapter 9k
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RESUME

Dans cette these, nous nous concentrons principalement sur la caractérisation
de I’évolution non linéaire des modeles d’énergie noire et de gravité modifiée
dans le but de sonder certains de ces modeles avec précision tout en traitant
avec précision toutes les composants cosmologiques, y compris la partie d’énergie
sombre. Ce traitement du secteur sombre est particulierement requis par les
futurs levés cosmologiques de haute précision.

Dans le chapitre |1, nous discutons du modele standard de la cosmologie et
de quelques idées établies qui sont nécessaires pour la suite de cette these. Nous
parlerons également de I'importance de la description effectif de la théorie des
champs des modeles d’énergie noire et de la maniere dont on peut implémenter
cette description générale dans les codes a N-corps.

Nous introduisons k-evolution, un code relativiste a N-corps, congu pour
simuler le clustering d’énergie noire tout en conservant tous les termes non
linéaires pertinents dans le chapitre 2. Cependant, dans ce chapitre, nous mon-
trons les résultats pour le moment ou ’énergie sombre de regroupement devient
non linéaire en raison du mouvement des particules de matiere noire. Nous nous
concentrons spécifiquement sur k-essence avec une vitesse du son beaucoup plus
petit que l'unité mais nous posons les bases pour étendre le code a d’autres
modeles d’énergie noire et de gravité modifiée.

Le chapitre |3/ est dédié a I’étude des observables cosmologiques sur le cone de
lumiere passéd’un observateur fixe dans le contexte de regroupement de I’énergie
noire. Dans ce chapitre, nous nous concentrons sur les observables qui sondent
le champ gravitationnel directement, a savoir 'effet Sachs-Wolfe intégré et 1'effet
Rees-Sciama non linéaire (ISW-RS), lentille gravitationnelle faible, décalage vers
le rouge gravitationnel et retard Shapiro.

Dans le chapitre |4 basésur les codes k-evolution et gevolution, nous quan-
tifions les effets non-linéaires du regroupement d’énergie noire via un parametre
effectif u qui encode la contribution supplémentaire d’un fluide d’énergie sombre
ou d’un modification de la gravitéa 1’équation de Poisson. Nous discutons égale-
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ment comment la forme paramétrique de p peut étre utilisée pour améliorer les
prévisions de Fisher ou les simulations Newtoniennes a N-corps pour regrouper
les modeles d’énergie noire.

Dans le chapitre 5|, nous discutons des termes non linéaires dans le description
effectif de la théorie des champs des modeles d’énergie noire (EFT de DE) pour
le modele k-essence. Nous étudions ces modeles en 3 + 1 dimensions en utilisant
une simulation cosmologique N-corps k-evolution et nous montrons que plusieurs
simulations k-essence semblent exploser en fonction des parametres. Ceci nous
a conduit a la question intéressante de la divergence dans les équations aux
dérivées partielles de type hydrodynamique apparaissant dans les simulations
cosmologiques d’énergie noire. Nous avons découvert I'instabilité non linéaire et
I’avons étudiée analytiquement en dimensions 1 + 1.

Dans le chapitre 6| nous discutons de la possibilité de détecter les corrections
relativistes dans les simulations cosmologiques N-corps. Nous donnons une re-
cette pour la résolution temporelle et spatiale nécessaire d’une simulation de
N-corps telle que 'on puisse détecter les corrections relativistes dans une orbite
spécifique.

Dans le chapitre 7| nous introduisons MG-evolution, un code N-corps basé sur
la gevolution pour les modifications paramétriques es de la gravité. Ce code est
basé sur la combinaison du modele linéaire paramétré avec une paramétrisation
du tres non linéaire régime extrapolé a partir de calculs d’effondrement sphérique
modifiés. Nous testons MG-evolution contre la gravité linéarisée et Chameleon
f(R) et la normale branche du modeéle braneworld Dvali-Gabadadz-Porrati avec
et sans mécanisme de criblage de type Vainshtein.

Le chapitre |8 est consacréa ’étude du rayon de retournement - rayon spécial
ou l'attraction gravitationnelle vers l'intérieur et ’expansion vers 'extérieur de
I’Univers s’annulent - en tant que sonde de gravité.

Nos conclusions et perspectives sont résumées dans le chapitre 9.
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NOTATIONS

List of symbols used in the thesis

T, To

t 1o

VN

count
O

v(x)

scale factor

Hubble parameter (H, denotes Hubble parameter to-
day)

comoving Hubble parameter H = aH
reduced Hubble parameter h = Hy/100
conformal time (today)

cosmic time (today)

comoving distance y =19 —n

redshift

line-of-sight direction

relative position of two objects r = x; — X»
Bardeen potentials

matter density contrast in Poisson gauge
the Newtonian gravitational potential
counting density (rest mass per coordinate volume)

velocity perturbation
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v(x) velocity potential v = —Vuv

Cs speed of sound

0 Vv

A the comoving density contrast (total-matter variable)
X defined as & — ¥

K,, the extrinsic curvature tensor

s scalar field perturbation

A, normalized cross power spectrum
P,.(k) matter power spectrum

£(0) two-point correlation function

Cy angular power spectrum

(0 lensing potential

K convergence defined as —%@Qw

~v1 and g 7y shear components; complex shear

€ ellipticity

Qab second moments of brightness distribution
Po(X) Legendre polynomials

Yo (6, 0) Spherical harmonics

I () Bessel functions

Jo(x) Spherical Bessel functions

dijs op Kronecker and Dirac delta functions
€ijk Levi-Civita tensor
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ABBREVIATIONS

Abbreviations

ACDM Cosmological constant Cold dark matter
FLRW Freidmann-Lemaitre-Robertson-Walker
GR General relativity

CMB Cosmic microwave background

LSS Large-scale structures

BAO Baryon acoustic oscillations

RSD redshift-space distortion

ISW-RS Integrated Sachs-Wolfe and Rees-Sciama effect
SPT Standard perturbation theory

EFT Effective field theory

EFT of DE Effective field theory of dark energy

PM Particle Mesh scheme

P3M Particle-Particle-Particle Mesh
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comparing non-linear k-essence from k-evolution with its linear

implementation in gevolution.| . . . . . . .. .. ...
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data that covers ~ 5% of the sky. Again based on App. 3.Al we
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linear correction applied. The convergence study of App. [3.Al
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spectra are again valid to higher /. Bottom panel: The relative

difference between different models in the ISW-RS power spectra

are shown. At large scales the result from N-body codes agree

with CLASS, however, already at ¢ < 100 the linear and non-linear

curves diverge due to the non-linear RS effect. . . . . . . . . . ..
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ISW-RS integrated to comoving distance ys = 2000 Mpc/h from

k-evolution with two speeds of sound ¢ = 107" and ¢ = 1 are

shown, together with our ACDM reference run. Bottom panel:

The relative difference between the cross power spectra for several

3.8

Same as Fig. [3.7, but for a source distance of x, = 4500 Mpc/h,

corresponding roughly to z ~ 3.3, and using N-body simulation

data that covers ~ 5% of the sky,| . . . . . . ... ... ... ...

3.9

Top panel: The cross-correlation coefficient of lensing conver-

gence k and ISW-RS integrated to comoving distance x, = 2000

Mpc/h for the results shown in Fig. 3.7. Bottom panel: Ab-

L solute difference in the cross-correlation coefficient for different |
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3.10 Top panel: The gravitational redshift angular power spectra of

different cosmologies for a source plane at comoving distance y, =

2000 Mpc/h. Bottom panel: The relative difference between
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3.11 Top panel: The angular power spectra of Shapiro time delay

integrated to comoving distance y, = 2000 Mpc/h for different

cosmologies. Bottom panel: The relative difference between

Shapiro delay angular power spectra for different models.| . . . . . 126

3.12 Top panel: We compare the convergence power spectra from two

simulations with different resolutions, Ngyiq = Npa = 4608% and

Ngria = Npal = 23047, at two source redshifts z = 0.85 and z = 3.3.

Myiddle panel: The relative difference between the convergence

power spectra of the same cosmology but different resolutions of

the simulations are shown. This gives us an estimation of the fi-

nite resolution error on the convergence angular power spectra.

The grey areas show 1% and 2% numerical agreement. Bottom

panel: Comparing the relative change in the convergence power

spectra between ACDM and k-essence cosmology with the speed

of sound ¢ = 10" from two simulations with different resolu-

tions, Neia = Npa = 4608° and Ngiq = Npya = 2304%, at source

redshif = 0. n =3.3. Th hed lines sh he linear

theory prediction obtained from CLASS. The agreement across dif-

ferent resolutions shows that one can trust the relative change of

power spectra at much higher multipoles than is the case for the

individual power spectra themselves. | . . . . . . ... ... .. ..

3.13 Top panel: We compare the ISW-RS angular power spectra from

two simulations with different resolution, Ngiq = Npa = 4608°

and Ngig = Npa = 2304°, at two source redshifts z = 0.85 and

z = 3.3. Middle panel: The relative difference between the

ISW-RS angular power spectra of the same cosmology but differ-

ent resolutions of the simulations are shown. Bottom panel: The

relative difference of ISW-RS angular power spectra between the

k-essence cosmology with ¢ = 10~" and ACDM for two different

spatial resolutions Nyyig = Npe = 4608° and Ngyiq = Npo = 23047

at two source redshifts = 0.85 and = 3.3. The dashed

lines show the linear theory prediction obtained from CLASS. Like
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3.14 Left: The ISW-RS angular power spectra for two different cos-

mologies, (wg = —0.9, ¢ = 1) and ACDM with standard and low

value of Ay, the amplitude of scalar perturbations. Right: The

ratio of the ISW-RS signal from high value of A, to low value of

A, are compared. The linear result is constant at all scales, and

is simply the ratio of the two values of A;. The fractional contri-

bution of the Rees-Sciama effect depends on wy mainly because of

suppressed growth and the corresponding shift of the non-linear
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Sources to the Hamiltonian constraint, normalized to H?, in terms

of wavenumber at different redshifts, from k-evolution in solid

lines and from CLASS in dashed lines, for a k-essence speed of

sound of ¢ = 10~". For the figures on the right, the y-axis is
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corrections, is obtained using a simulation with Ng.q = 3840°

and box size L = 9000 h~'Mpc, while in the other three fig-

ures the results are obtained combining three simulations with

Ngyia = 3840° and box sizes L = 90000 h~'Mpc, L = 9000 h~'Mpc

and L =1280h *Mpec. |. . . . . . ...

4.2

The quantity \/ P;I;—;‘P from k-evolution (solid lines) and from CLASS

(dashed lines) at different redshifts as a function of wavenumber k.

In k-evolution this quantity is non-zero due to the non-linearities

in matter, k-essence and short-wave corrections, while in CLASS

it is generated due to the radiation perturbations which oscillate

and decay in k. The results are obtained combining three sim-

ulations with Ngiq = 38407 and box sizes L = 90000 2~ Mpe,

L =9000h 'Mpcand L = 1280 h'Mpc.| . . . . . .. ... .. ..
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p(k, z) from four different simulations and for two speeds of sound

are compared. The left plots depict the case ¢ = 10™*: all the

curves agree well which shows that for high speeds of sound we

can trust even linear codes. On the right we see the situation

for k-essence with speed of sound ¢ = 1077, where differences

are clearly visible. In the top panels k-evolution is compared

with CLASS at different redshifts, while in the bottom figures we

compare pu(k, z) from gevolution, k-evolution and CLASS with and
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simulations with two different box sizes L = 9000~ 'Mpc and

L =1280h *Mpc and Ngq = 3840°. . . . ... ... .. ... ..
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The fitted parameter values for the p parametrization (4.19), for

the two k-essence models with ¢ = 10~ (left) and ¢? = 10~

(right), as a function of redshift. Points and dashed lines are

respectively the results of k-evolution and CLASS. | . . . . . . . ..
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This picture compares the way that different codes solve the Pois-

son equation. On the left we have the relativistic N-body code k-

evolution which uses the tull Poisson equation including non-linear

k-essence and matter densities, relativistic terms and short wave
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shortwave (nonlinear GR) terms (in red). Linear Boltzmann codes

like CLASS (on the right) are fully relativistic and include linear

density perturbations for both matter and k-essence (in yellow),
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The relative error for the fits compared to the actual u obtained

from k-evolution, for two different speeds of sound, ¢ = 1077

(right) and ¢ = 10~* (left). The accuracy of the fit is of the
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The relative error of the fits compared to CLASS results for two

speeds of sound, ¢ = 10~" (right) and ¢ = 10~* (left). The

results show that the accuracy of the fit is of the sub-percent level
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Evolution of the fit parameters log,,(1 + «), /5, and 7 for k-

evolution and CLASS data for two speeds of sound ¢2 = 10~ (top)

and 10~" (bottom) is shown. The arrows show the direction of

decreasing redshift (increasing time). For the case of low speed

of sound (bottom panel) the parameter values obtained from k-

evolution and from the linear code CLASS differ, while for large

speed of sound (top panel) the parameters almost match, suggest-

ing that one could simply use linear Boltzmann codes for treating

high speed of sound k-essence models. | . . . . . .. ... ... ..
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From top to bottom: The evolution in time of the scalar field 7

evolution in a 2D cross section in x —y, x — z and y — 2 surfaces in

a short interval of time around blowup time at the point with the

maximum curvature. The instability is formed locally in a point

with the maximum curvature which physically corresponds to the

nter of th rk m rhalos. | . . .. ...
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5.2

1D cross section of the scalar field evolution on a line passing

through the point with the maximum curvature. These figures

show how the instability is formed in the local minima with highest

curvature. |. . . . .. L e

5.3

The average of ¢ as a function of blow-up redshift for different

speeds of sound are plotted. As it is clear from the figure, the

blow up happens very fast and the average value of the fields go

from a very small value to a very large value. This is a simulation

for the case when k-essence does not source other components and

also the initial condition is set to 0 at z = 100. When ¢ blows up,

the scalar field 7 and other components, if they are coupled, blow

up immediately. Here we only showed the results for the speeds

of sound for which the scalar field blows up, so in fact according

to our numerical result ¢ < 10~*". The PDE blows up in the age

of the Universe (z =0). | . . . . .. ... ... ... ... ...

54

The speed of sound squared as a function of blow up redshift is

shown. There are two limits, namely high speed of sound for which

the system does not blow up anymore and very low speed of sound

for which the system blows up at the redshift near to the blow up

redshift for ¢ — 0. This figure is calculated for the case when the

scalar field does not source matter and potentials and also, when

the initial condition is chosen equal to zero. | . . . . . . . . . . ..

55

Time resolution of the simulation as a function of the blow up time

for the case dark energy component, respectively, sources and does

not source other components (circles and stars respectively). As

we increase the time resolution, i.e. decrease d7 in the simulation

the blow-up time converges. |. . . . . .. .. ... ... ... ...

5.6

Number of grids, equal to number of particles, as a function of

the blowup redshift for the clustering dark energy with ¢? = 10"

and w = —0.9, for the two cases where dark energy sources, re-

spectively, does not source other components. The case when dark

energy PDE is solved without sourcing dark matter and potentials

is shown by stars in the figure and the case when the full equa-

tions are solved is shown with circles. As we increase the spatial

resolution, the system blows up at higher redshifts or earlier time. |168

5.7

The initial redshift of the simulation versus the blow up redshitt is

plotted. If we start the simulation at higher redshifts the blowup

redshift converges. | . . . ...
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5.8 Top: The scalar field and its time derivatives on the 141 D lat- |
I : T : : r : il G ]
| are shown. Analytically the curvature ot the scalar field at the |
| minimum blows up at time 7, = 76. |
| Bottom: The scalar field and its spatial derivative on the lattice |
| for different times are shown. Due to the numerical noises appear- |
| ing in the second order spatial derivative we only show the results |
I |
I |
I

up to 7 = 62.7. It is also interesting to see that d,m behaves simi-
lar to a gradient catastrophe that one would see in some situations
in the fluid dynamics. | . . . . .. ..o 180

9 Th lution of th: r re_of the minimum in tim rd-
| ing to the Eq. [5.33l According to the figure the solution of the |
| ODE, the analytical solution in (5.46) and the curvature evolution |

obtained from the solution of the PDE are consistent. | . . . . . . 181

.10 Similar to the Fig. but for when the full PDE in 1+1 D for
| c? =1 is solved. According to this figure for the large value of 2
| the system is stabilized. | . . . . . . ... ... ... ... ... 182

6.1 Detecting the spurious perihelion change for the Kepler problem
tor the Mercury-Sun system. For each time step of integration
we determine the angle and the distance from the central body
(the blue points), using the 2nd order Runge-Kutta method. We
then fit a parabola through these points, and the minimum of the
distance to the Sun is the red point (perihelion point). Note that
the red point is very slightly to the left of 0 and shows the spurious
perihelion shift due to the time integration imprecisions. We use
this method to find the perihelion shift and to decrease the errors
we take average over three revolutions. . . . . . . . ... ... .. 192

6.2 Achievable precision for different integrators, as a function of step |
size h. Shown is the absolute value of the perihelion shift for |

|

|

the Mercury-Sun problem. To make relativistic corrections distin-
guishable, only points in the green region are good enough. The
data points correspond to 1/3 of the advance after 3 rotations.| . . 193
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6.3 Left: The absolute value of the perihelion shift as a function

of the normalized relativistic parameter 5 = Y /Y, where T is

the relativistic parameter for Mercury-Sun. The red region shows

where the method will fail to discriminate the relativistic peri-

helion advance from the integration errors (for the chosen step

size of h = 0.0002). In the green region one can safely use the

method, for that specific orbit. When increasing 5, the numerical

perihelion shift increases, as according to (6.6) the velocity of the

object in the perihelion point scales like v/, while the perihelion

distance scales like % In all the methods the slope of the curve

is higher than the slope of the relativistic advance curve Ay ~ T,

which shows that for the orbits with large relativistic parameters,

one has to choose the method and the time step very carefully.

Right: The same representation as a function of eccentricity e.

In all the methods, by increasing the eccentricity the numerical

perihelion variation increases, as according to the (6.7) the veloc-

ity of the object and perihelion distance rescales respectively by

\/ 11:: and 11_;8 In order to be able to measure the relativistic
0 €0

perihelion advance at each eccentricity we need to use the method

with the appropriate step size, for example Euler and second or-

der Runge-Kutta do not work for any eccentricity, while leapfrog

is good for e < 0.5 and fourth order Runge-Kutta works perfectly

for all eccentricities. All data points correspond to 1/3 of the

advance after 3 rotations| . . . . ... ..o

6.4 Notation for a plaquette on the unit meshin .. . . . . .. .. .. 196

6.5 Left: Linear interpolation: The advance of the perihelion due to

the discretization effect depends on the initial angle of the peri-

helion. For each value of dx, we show the deviation in radians,

divided by dx. The curves clearly coincide. This shows that the

deviations scale linearly with dz. Right: Bilinear interpolation:

We consider the perihelion shifts, divided by dz'-, for 180 equally

spaced initial angles of the orbit. The bar graphs show the distri-

bution of these quantities, for various choices of dz. We see that

they obey a Gaussian fit (the solid lines). This shows that the

[ shiftsarerandom. . . . ...

6.6 Dependence of the standard deviation of the perihelion shift for

the two methods, as a function of dx. For the bilinear method,

numerical fluctuations are too large to get reliable results for dx <

10~%. The grey regions around the fitted blue and magenta lines

show the 50% deviation from the central fit value) . . . . . . . . . 200
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6.7

Comparison of linear vs. bilinear interpolation. Left: Behavior as

a function of the theoretical relativistic parameter 5. The green

line shows the relativistic perihelion advance and therefore the

green/magenta area determines the regions for § where one can/-

cannot detect the perihelion advance. Note that for the parame-

ters e, dr, and Ngiq used in the figure, no method is able to detect

relativistic corrections. Right: The same study, now as a tunc-

tion of eccentricity e. According to the green/magenta regions the

relativistic effects can not be detected for the choice of 5, dz, and

Nacde | - -

6.8

Some examples of the parameterization of elliptic orbits, which

show the role of 5 = T /Yy, e, and §. The orbits are obtained by

solving the differential equations. | . . . . . . . . .. ... ... ..
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Relative difference between the matter power spectra produced by

the parametrised (Eq. (7.11))), and exact (Eq. (7.9)) MG-evolution im-

plementations of the Yukawa suppression in linearised f(R) grav-

ity for redshifts z = 0 (left panels) and z = 1 (right panels) and

three different values of the interpolation parameter b. The sim-

ulations are run for fro = —10~ (top panels) and fry = —10~°

(bottom panels). The value b = 3 provides a good match of the

parametrised simulations to the exact implementation. | . . . . . .
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Same as Fig. but for chameleon f(R) gravity with comparison

of the parametrised MG-evolution simulations against the exact

model simulations [Cataneo et alf[2019]. The parametrised simu-

lations were run for four different values each of the interpolation

parameter b and the environmental suppression scale ke, where

the corresponding comoving top-hat radius was fixed to ry, =

7 Mpc/h. Top panel: For the values (b = 1.1, kepy = 0.16 h/Mpc)

at z=0and (b= 1.7, kepy = 0.2 h/Mpc) at 2 = 1 we find a ~ 1%

match over all scales to k = 2.5 h/Mpc. Bottom panel: A match

of ~ 1% is found for (b = 5.0, kepy = 0.1 h/Mpc) at z = 0 and

(b=06.0, kepy = 0.005 h/Mpc) at z=1.| . . ... ... ... ...

73

Same as Fig. |7.2| but for nDGP gravity. Top panels: Comparison

for the model parameter Hyr., = 0.5 for four different values of

the effective Vainshtein wavenumber k, at z = 0 (left panel) and

z =1 (right panel). The value k., = 1.6 h/Mpc at z = 0 and k, =

2.7 h/Mpc at z = 1 recovers the exact simulations at percent level

across all scales to k = 2.5 h/Mpc. Bottom panels: Comparison

for Hyr. = 2.0 for four different values of k. at z = 0 (left panel)

and z = 1 (right panel). The values k, = 1.1 h/Mpc at z = 0 and
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8.1 This figure exemplifies that the turn-around radius is hard to iden- |
tify uniquely. The green dots represent all particles out to 10 |
virial radii around a large galaxy cluster. The central blue re- |
gion is one virial radius, and the red circle is a guide-the-eye line. |
The red, triangular symbols represent galaxies which happen to |
have zero radial velocity with respect to the central galaxy cluster. |

|
|
|
|

The corresponding radius is the turn-around radius. Along direc-
tions with massive substructures the potential is highly non-trivial
(and non-spherical) and hence the turn-around radius depends on
the direction in which it is measured. Left panel: The zero ra-
dial velocity galaxies (colour-coded red) are selected from a thin
slice perpendicular to the line-of-sight. Right panel: All the (al-
most spherically distributed) galaxies with zero radial velocity are

8.2 Peculiar velocity as a function of radial distance. The 49 green |
| lines each represent particles in a cone on the sky. The solid red |
| curve is the spherical average. This cluster is particularly well be- |
| haved and equilibrated. Within approximately 1 virial radius the |
| average radial velocity is zero, and therefore eq. (3.1) tells us that |
I |
I |
I |
I |

the peculiar velocity on average exactly cancels the Hubble ex-
pansion. Between approximately 1 and 3 virial radii there is infall
towards the galaxy cluster (the total radial velocity is negative),
and toward larger radii the peculiar velocity transitions slowly to

8.3 Peculiar velocity as a function of radial distance. The 49 lines |
| each represent particles in a cone on the sky. Many of the direc- |
| tions are seen to behave similarly at large distances, however, a |
few directions stand out: A few directions (red) even have pos-
itive peculiar velocities, and a few have a clear transition (blue,
here transitioning between 6 and 8 virial radii). These non-trivial
| peculiar velocity profiles arise because of massive sub-structures |
| perturbing the overall potential.| . . . . . . . . ... ... ... .. 236

8.4 The spatial distribution of the particles belonging to the peculiar |
| velocity profiles of figure 8.3. Some of the particles at 4 o’clock |
| even have positive peculiar velocities.| . . . . . . . ... ... ... 237

.5 Them r rn-around radi function of virial mass for
| 100 massive galaxy clusters from a ACDM simulation. The data |
| can be approximated with a line of the shape in equation (8.5) |
| using r5 = 0.2+ 0.1 and oo, = —-0.74+04.. . . . ... ... ... 238

&G Tl Taf; 5 ] = Cadi ; . r l
| mass for a ACDM simulation. The figure shows the symmetrized |
| error-bars divided by the central value of r¢,.[. . . . . . . ... .. 238
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8.7 ACDM v.s. k-essence with w = —0.9 and ¢? = 1 (correspond-

ing to a quintessence model). The turn-around radius for the

quintessence model with w = —0.9 (red symbols, red solid line) is

| seen to have essentially the same dependence on mass as ACDM

| (blue symbols, blue dashed line). These two models cannot be dis-

| tinguished when measuring the turn-around radius for 100 galaxy

clusters) . . ..o

8.8 ACDM v.s. scalar dark sector interaction (SDSI). The turn-around

radius for the SDSI model (red symbols, red solid line) is seen to

have moved to slightly higher turn-around radius for the same

mass, when compared to ACDM (blue symbols, blue dashed line).

mated with a straight line of the form in equation (8.5), using

ri5 = 9.4 £ 0.08 and o, = —0.7 £ 0.3. Measuring the turnaround

radius for approximately 100 clusters will allow one to distinguish

I
I
I
| The SDSI mass-dependence of the virial mass may be approxi-
I
I
I
I

the two cosmologies. . . . . . . . ...
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Chapter

INTRODUCTION

The fundamental questions about the origin and evolution of the Universe, the
meaning of time and the possible futures for the Universe, have long been major
issues of study in the human history. Cosmology is the science!| to systematically
answer these questions through theories being tested by experiments and obser-
vations. If we look at the history of the Universe and we map it to a year, only
very recently compared to the cosmic time we have been able to know how the
Universe evolves and what it is made of, which makes the current millennium
very special. The Fig. [1.1] shows the cosmic calendar from when the Universe
(according to the currently accepted model) has been started to today approxi-
mately when I'm writing this thesis. This timeline shows how little our knowledge
is as we only recently (compared to the age of Universe) had the chance to do
science, especially doing cosmology and at the same time nonetheless how much
we know.

Looking at Fig. 1.1 in this calendar about 0.22 cosmic seconds ago (in 1927 of
Georgian calendar) based on the observations of Edwin Hubble we obtained the
observational basis for the expansion of the universe. According to the Hubble-
Lemaitre law, objects (mainly galaxies) are moving away from us at velocities
proportional to their distance. The velocity of the galaxies according to this
effect has been determined by measuring the redshift, a shift to the red color in
the spectrum due to the Doppler shift.

Then, in 1965, (0.12 cosmic seconds) Arno Penzias and Robert Woodrow
Wilson, by chance detected the cosmic microwave background (CMB) radia-

'Science: An attempt to systematically model the structure and evolution of a system.
Falsifiability and validity through experiment and observation are the key properties that a
model has to possess.
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tion.? Afterward several surveys have been launched, including NASA Cosmic
Background Explorer (COBE) satellite that orbited in (1989-1996 /0.07-0.05 cos-
mic seconds) which detected the large scale anisotropies of the CMB with a low
resolution. In 1998 (0.05 cosmic seconds) we have obtained evidence for dark en-
ergy [Perlmutter et al|[1999], [Riess et al| [1998a], an unknown component which
is responsible for the accelerated expansion of the Universe. In 2001 (0.04 cos-
mic second), NASA launched WMAP, to make more precise measurements of
the CMB anisotropies over the full sky. Finally, the most precise CMB space
mission, Planck was launched in 2009.

According to all of these observations the standard model of cosmology ACDM
(or the cosmological constant cold dark matter) with 6 parameters and with an
initial conditions of almost Gaussian nature, has by far been the simplest model
that successfully predicts and explains the cosmological and astronomical obser-
vations. The important properties that either are predicted or explained by the

standard model of cosmology are [2015]

e The observed abundances of elements in the Universe, mainly hydrogen,
deuterium, helium, and lithium

e The statistics of the large scale structure of the Universe
e The existence of the CMB and its anisotropies
e The observed late time accelerated expansion of the Universe

In spite of all of its successes there are still challenging questions related to the
nature of dark energy of dark matter and physics of the early universe. Among
these we can point out some of the most significant ones as follows (see e.g.
[Bullock & Boylan-Kolchin| [2017], [Del Popolo & Le Delliou [2017] for a review),

which are still unknown.

e The cosmological constant problems, including the fine tuning problem and
the cosmic coincidence problem.

e The tensions between low and high redshift observations, e.g. between the
2013 Planck parameters and og obtained from the large scale structure
data, tension in the value of Hy from Planck with type one Supernovae
data, tension between The Planck 2015 data and CFHTLenS weak lensing.

e low-/ (large angle) anomalies in the WMAP and Plank CMB data, e.g.
a quadrupole-octuple alignment, a power hemispherical asymmetry and a
cold spot.

2photons reaching us from an early stage of the universe.
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e The small scales problems like,

— the core/cusp problem,

— the missing satellite problem,

the angular momentum catastrophe,

Th ( 1 ( I d The 13.8 billion year history of the universe scaled down tc a single year, where
e OS | I l I C O e n O r the Big Bang is January 1 at midnight, and right now is midnight 1 year later
Januar: Februar: March April May June Jul August September Dctober November December
y | February | P ly g P

Multicellular

NN EN S S S A [ S i I R R -
T O T T T T T

26 Mammals 28 Flowers

30 Dinosaurs Extinct,
Mammals Take Over
on Land and in Sea

Dawn: Apesand | 8 PM: Humans and 9:25: Humans 10:30: Human Brain 11:52: Modern 11:56 to 11:59:
Monkeys Split Chimpanzees Split | First Walk Upright | Size Begins Tripling Humans Evolve Human Migration

® written records

End of Last Ice Age, Columbus Arrives in America (1.2 Seconds Ago)

| Sea Level 400 Feet
Lower Than Now
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to Permanent

il Settlements 0Old Testament, Buddha
Dynastic China Begins

Christ Born Mohammed Born

© Eric Fisk |Wikipedia contributors| ﬂ2020aﬂ

Figure 1.1: A graphical view of the Cosmic Calendar, from the early Universe to
today mapped into a year,

The reason for the observed accelerating expansion of the Universe are among
the most important mysteries in cosmology, and probably in theoretical physics.
Although ACDM is a successful model which agrees well with the current cos-
mological observations, A (the cosmological constant) is not a well motivated
parameter by any fundamental theory and it suffers from severe problems in-
cluding fine-tuning of the initial conditions of the Universe and the coincidence
problem (for a review of the cosmological constant problems see e.g. [Martin)
2012a]). These theoretical issues of A and the aforementioned tensions in the
ACDM model that have emerged over the past years have encouraged cosmolo-
gists to propose an abundance of dark energy (in the form of an additional “dark”

3
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fluid with negative pressure or a scalar field) and modified gravity models (in the
form of a general relativity modification) to explain the late-time accelerating
expansion [Clifton et all [2012a] [Joyce et al} [2016a]. Due to the large number
of possible modified gravity and dark energy theories, the effective field theory
(EFT) approach and the parametrization frameworks have been developed and
have become most-liked over the past years.

In this thesis, toward understanding the nature of cosmic acceleration we
explore various effects coming from dark energy and modified gravity models
well into the nonlinear regime. We use the EFT framework in Chapters [2, 4} 8|, |3
and 5| to study the so called k-essence theory in the EFT form. Furthermore, we
use the parametrization framework in Chapter [7/ and 8| to explore the numerous
cosmological implications from the possible modifications of gravity.

In the following subsections we will review the standard materials and tech-
niques that will be useful for the rest of the thesis. In Sections 1.1/ and [1.2| we
discuss the standard model of cosmology at the background level, i.e. considering
a spatially maximally symmetric Universe. In Section [1.3| we study the cosmo-
logical perturbation theory around a homogenous and isotropic background. The
Section |1.4]is devoted to the practical tools in order to statistically measure the
properties of inhomogeneities in the Universe. In Section [1.5] we will have a
brief look on the idea of dark energy and modified gravity models and in Section
1.6 in detail, we discuss the effective field theory approach. In Section |1.7] we
talk about the cosmological N-body simulations and why they are important to
cosmology.

1.1 The isotropic and homogenous Universe

The simplest model that one can consider for the Universe is obtained using the
homogeneity and isotropy assumptions of the matter® distribution. According
to Einstein’s field equations the geometric property of the Universe is defined
based on the matter distribution. As a result the 3 dimensional space should
also be homogenous and isotropic, in other words any geometrical quantity on
the constant time manifolds, for example the 3D Ricci scalar and extrinsic cur-
vature should be independent of the position and direction. However, this of
course does not necessarily hold for the 4D geometrical objects like the 4D Ricci
scalar as they can be time dependent (for a detailed discussion see e.g.
[dola & Tsujikawa] [2010], [Dodelson] [2003], [200§], [Padmanabhan| [1996],
[Padmanabhan| 2000], [Padmanabhan| [2002] 2010], [Weinberg] [2008])

The assumption of 3D isotropy and homogeneity defines a set of equivalent
observers, the special observer who sees the Universe homogenous and isotropic.

3dark matter, dark energy and radiation.
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Other observers that have a relative velocity with respect to these observers or
using a peculiar coordinate to do measurements, they see an anisotropic and
inhomogeneous Universe. We, for example, are among these "bad" observers
that see the Universe anisotropic, because according to our relative velocity we
see the cosmic microwave background radiation anisotropic (we see a dipole in
the CMB which is detected by Plank, WMAP and COBE satellite).

Considering the coordinate (t,z*) for the special observers (who sees the
Universe isotropic and homogenous) we can write a general space-time interval
as following,

ds® = gudrtdx” = —goodt® — 2go;dtdx’ + aijdxidxj, (1.1)

where o;; is the spatial part of the line element. We are going to simplify the
line element according to the symmetries we have. The isotropy of the Universe
implies that go; = 0 since a non-zero value of these elements means that the mea-
sured quantity, and as a result, the geometrical objects depend on the direction
of measurement. Moreover if we use the proper time of clocks carried by these
observers we have ggg = 1. The line element then is written as,

ds® = —dt* + o;;dz’dx’. (1.2)

At any time the three-metric o;; is homogenous and isotropic. According to
the isotropic assumption which is equivalent to the spherical symmetry in the
three-metric we can write,

oydr'dr! = a(t)? [)\2(7")(17’2 + r? (d92 + sin® 9d¢2)] : (1.3)

Now we can use the three dimensional Ricci scalar and the symmetries to simplify
the previous expression. The 3D Ricci scalar, or the scalar curvature, reads

y _rort. 9Tl y g
'R =o' Ry =o' [a:;; - g7t 4 LT, awr;;r;m}

3 4, 1
= Sakidr [ <1‘A<r>2>]’ A

where for 4, 5,1 = 1,2, 3% and the Christoffel symbols F;'.k on the 3D hypersurfaces

are defined as,

k=7 \ ok T 0ad T o
The homogeneity implies that >R as a three dimensional geometrical object
should be independent of the position (here r), i. e. 3R should be a constant.

3 d [, 1
——— "1 — ——= || = const. 1.6
2a2r3 dr A(r)? (1.6)
4According to our convention the Greek letters indices span the space-time coordinates
(0,...,3) and the latin letters indices span the space coordinates (1, ... , 3)
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Integrating over r results in,

2 <1 _ )\(11)2> =t + o, (1.7)

where ¢; and ¢y are constants. Avoiding a singularity at » = 0 implies ¢, = 0,

and thus we have .

N=——— 1.
(1 —cqr?) (18)
When ¢; # 0 we can rescale r to have ¢; = +1 or ¢; = —1 and the full metric
reads,
ds? = —dt? + a(t)? L (d6° + sin® 0dg?) (1.9)
1 — kr? ’ '

where a(t) scales the spatial metric and is called the scale factor. The previ-
ous metric is called the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric
which is an exact solution of Einstein’s field equations and it describes a spa-
tially maximally symmetric (isotropic and homogeneous) universe. The spatial
hypersurfaces of the FLRW metric have positive, zero and negative curvature for
respectively k = +1, k=0 and k = —1.

1.1.1 The geometrical properties of the FLRW metric

In order to have a geometrical intuition of the FLRW metric it is better to use
the following coordinate for different values of the spatial curvature k

dr
X:/m: T k=0 (1.10)
sinh™'(r) k=-1

moreover, we change the time coordinate from the real time to the conformal
time defined by dr = dt/a(t). Then the metric reads,

ds® = a(r)? |=d7? + dx® + f*(x) (d6” + sin® 0d¢?)] (1.11)
where £ is
sin(y) k=1
fX) =1 x k=0 (1.12)
sinh(y) k= —1
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The metric in (1.11) is especially useful since the curvature has gone into the
angular part of the metric, so we can more easily study the distances. Let us
now study the geometrical properties of this metric for different values of k.

For k = 0 the spatial part of the metric represents the flat Euclidian three-
dimensional space. For & = 1, the spatial part of the metric describes a three
sphere of radius a embedded in a flat four dimensional Euclidian space. We can
show such a 3-Sphere as,

r]+ 15 + 25 + 7] = a?, (1.13)

where x; are the cartesian coordinates of the four dimensional space. The metric
on the 3-Sphere embedded in the higher dimension is written as

dL? = dx? + das + da3 + dr; . (1.14)

We can express the 3-Sphere by three angular coordinates (7,0, ¢) instead, de-
fined by

r1 =acosvysinfsing, xo = acosvysinfcoso,

(1.15)
r3 =acosycost, xy=asinvy.
Substituting the new coordinate in the metric (1.14) we obtain
dL? = a? {d72 + sin? v <d92 + sin® 9d¢>2>} , (1.16)

which is the same expression as (1.9)) for & = 1. In fact the whole space of a
positive curvature model is covered by the angle ranges 0 < v < 7; 0 < 6 <
m; 0 < ¢ < 27 in which results to a finite volume:

2m ™ ™ 21 ™ ™
\%4 :/ dgf)/ d@/ dw\/gzag’/ dgb/ sin@d@/ sin® ydy = 27%a®,
0 0 0 0 0 0
(1.17)
where ¢ is the determinant of the 3D metric.
In the case of kK = —1 we have a hyperboloid geometry embedded in a four-
dimensional Lorentzian space. The line element in Lorentzian space is

dL? = dx? + das + da3 — daf . (1.18)

On the other hand a three-dimensional hyperboloid embedded in a 4D Lorentzian
space is represented by the relation

i — 2 — a5 — 1k =ad’. (1.19)

7
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Like the 3-Sphere we can represent this hyperboloid with 3 angles (v, 6, ¢) defined
by

x1 = asinh ysinf#sin ¢, x5 = asinh ysinfcos o,
(1.20)

x3 = asinh ycosf, x4 = acoshy,

which by substituting to the line element we can see that this metric corresponds
to the FLRW metric with £ = —1. An important point about this space is that ~
is not bounded anymore and the angles ranges are 0 < ¢ <2m; 0 <0 < 7; 0 <
v < oo. This space, unlike the positive curvature space, has an infinite volume.

From now on during this thesis we alway assume k& = 0 which is consistent
with the cosmological observations.

1.2 The cosmological dynamics

Using the line element written for the maximally symmetric Universe (1.9) we
obtain the cosmological dynamics by solving the Einstein equations,

GV = 8nGT", (1.21)

where T# is the energy momentum of the components and G¥ is the Einstein
tensor and is defined by the Ricci scalar and the Ricci tensor:

1
Guy = R/u/ - §guuR . (122)
The Christoffel symbols, the Ricci scalar and the the Ricci tensor are defined

similar to the their 3D versions in (1.5) and (1.4) while now the indices span the
space-time coordinates,

FZV = 7 (augl/)\ + augu)\ - 8)\g,u1/) s (123)
Ry = 0,1, — 0,10, + T4, 10, —T5,I0, (1.24)
R=R,=¢"R,,. (1.25)

The left hand side of the Einstein equation (1.22) specifies the geometric prop-
erties of the space-time and the right hand side characterizes the energies and
momenta of the particles. For the FLRW metric with zero curvature k = 0 the

8
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Christoffel symbols I'f,, using the Eq. (1.23) are:

F80:0> ng:F?o:(),

0 — 4¢ i TV o axi
Iy =aady, T =1% =203,
r,=0, I'jy=-r, Iiy=-r sin? 0, (1.26)
%, = —sinfcosd, T3, =T% :F§1:F:133:%,

I3, =13, = cot,

da
at

9" gp, = 0L, where 07, is Kronecker’s delta (5Z =1 for p=v and §;; =0 for pu # V) .

where a = and t is the cosmic time. Note that g,, satisfies the relation

Unlike the Kronecker’s delta ¢, is not a tensor °, however it shares similar prop-
erties i. e. (0,, = 1 for p = v and §,, = 0 for u # v) which is useful to write the
results in a compact way. The Ricci tensor and the Ricci scalar are computed
by equations ([1.24) and (1.25)

Roo=-3(H?+H), Roy=Ro=0, Ry=da>(3H>+H)d;, (127

R=6(2H*+H) (1.28)

where H = a/a is the Hubble parameter and represents the expansion rate of
the Universe. The Einstein tensor components, using the equation (1.22)) reads

Gy =-3H?, G)=Gi=0, Gj=—(3H*+2H)d, (1.29)

where we have used G = ¢"*G,,.

1.2.1 The stress energy tensor

The stress energy tensor contains all the information about the energy content
of the Universe. This tensor is symmetric as a result of the Einstein equation
and the symmetry of the Einstein tensor G,,. The assumption of isotropy and
homogeneity implies that T§" must be zero and Tij must be diagonal with equal
values T} = T7 = T3. Thus, in the FLRW space-time the energy-momentum
tensor can only take the perfect fluid form:

TF = (p+ P)u'u, + Pdl , (1.30)

where u* = (—1,0,0,0) is the four velocity in the comoving coordinates, p and
P correspond respectively to the density and the pressure of the perfect fluid.

SUnder coordinate transformation this object does not transform correctly.

9
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1.2.2 Friedmann Equations

From the (0,0) and (i,7) components of the Einstein equations Eq. (1.21) we

obtain,
881G

H? TZPX7 (1.31)
X

3H? +2H = —87G Y _ Px, (1.32)
X

where the sums are over all cosmological species. Combining the two equations
we can write an equation for d,

a e

which is equivalent to the continuity equation if we multiply by a? and take a
time derivative,

p+3H(p+P)=0. (1.34)

It is worth mentioning that the equivalence of the two equations comes from the
fact that the Einstein tensor satisfies the Bianchi identities, i.e., the covariant
derivative of the Einstein tensor vanishes, V,G% = 0, and from the Einstein
equations the same symmetry should be hold in the stress-energy tensor i.e.,
VT = 0. The conservation of the stress-energy tensor gives the same equation
as Eq. (1.34) in the FLRW background. That is why the equation (1.34)) is called
the conservation or continuity equation.

We can rewrite the first Friedman equation Eq. (1.31)) in the following form,

Q4 Qp +Qpp =1, (1.35)

where Qy = 8’;%" . The density parameters respectively correspond to the

relativistic particles, non-relativistic matter and dark energy. Once we have the
equation of the state P = P(p) we can solve the aforementioned equations to
obtain a(t), p(t) and P(t).

For a constant linear equation of state P = wp the continuity equation
Eq. (1.34) gives , p oc a(+%). Ag a result for non-relativistic matter (w ~ 0)
pm o< a~3, for relativistic particles (w = 1/3) is p,, o< a~* and for the cosmological
constant (w = —1) p is a constant. The negative pressure from the cosmological
results in the late time cosmic acceleration which has been approved by many
cosmological observations. However, the cosmic acceleration could be produced
with values of w other than —1 and yet be consistent with the cosmological data.
Using the density relation for each component and Eq. (1.35) we can rewrite the
equation in the following form,

H? = Hy (O} + Qa2 + Qha™ + Qla™) (1.36)

where Hj is the current value of the Hubble constant.

10
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1.2.3 The Hubble Law and cosmic redshift

The light emitted by a distant observer is stretched while traveling due to the
expansion of the Universe. This effect is similar to the Doppler shift in the
frequency of a wave in classical physics but this happens because the emitter
is receding from us and according to General Relativity the cosmic expansion
dilutes the photons’ energy. In the 1920s Slipher and Hubble realised that the
measured wavelength A, of absorption lines of distant astronomical objects is
larger than the wavelength A\, measured in the laboratories. We define the red-
shift as follows
Ao Qo

Lo 1="01, (1.37)

z
Ae e

where a¢ and a, are respectively the scale factors at the observation time and at
the emission time.

For the small values of recessional velocity v compared to the speed of light,
we have A\g ~ (1 4+ v/c) ). from the Doppler effect which results in,

z~uv/c. (1.38)

In an expansing Universe the physical r and comoving y distances of the objects
are related by the scale factor at each time,

=

=a(t)x. (1.39)
Taking the time derivative of the previous relation gives,
¥ = HF + ax, (1.40)

where the first term appears due to the cosmic expansion and the second term is
peculiar velocity v, and is the movement of an object with respect to the Hubble
flow. It is obvious that in a maximally symmetric Universe the peculiar velocities
should vanish because these velocities are different at different positions which
is in contradiction with the homogeneity and isotropy of the Universe.

Slipher in 1912 for the first time measured the spectrum of a galaxy, M31,
which for many years was the highest measured velocity for any object which was
about —300kms~!. He continued measuring velocities of “nebulas” for several
years, his “catalogue” appearing in Eddington’s book “The Mathematical Theory
of Relativity”, published in 1924.

However, only after Robertson’s work, Slipher’s measurement was interpreted
as being due to the cosmic expansion. The main problem at the time was ig-
norance of the distances to the galaxies and also Robertson’s work was largely
diregarded.

Hubble, based on previous works, reported an extragalactic distance for 18
galaxies and was able to plot the relationship between distance and recession

11
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velocity. Most of Hubble’s data for velocity came from Slipher’s measurements.
Hubble, in fact, wrongly interpreted the velocity-distance relationship to the de-
Sitter effect in a static de Sitter Universe °, not to cosmic expansion - Robertson
had already done that. De Sitter in 1933 wrote the linear expansion law taking
into account of redshift-distance relation in the de Sitter model. But then the
Friedmann-Lemaitre model was acknowledged by physicists. That acceptance
was mainly due to the later paper of Eddington in 1930 in which he “rediscovers”
the papers of Friedmann and Lemaitre. This of course was after Robertson
had published his paper in 1929 claiming that the redshift was due to cosmic
expansion, and also after Hubble’s redshift-distance relationship (see
for the history of cosmology).

1.2.4 Comoving distance

The lights we observe from distant objects are traveling on a light cone and
satisfy the geodesic equation

ds? = —c*dt* + a*(t)dx* = 0. (1.41)

Considering the case in which light travels from ¢t = t. at distance xy = x.
(redshift z) and reaches us at t = t, at x = 0 (z = 0), and using the line element,
gives us a distance which is defined as,

X1 t1
dCEX1: 0 dX:—/

ok (1.42)

where d.. is called the comoving distance.

In this section we have studied a homogenous and isotropic Universe and we
derived the FLRW metric and the Friedmann equations. The homogeneity and
isotropy are a good approximation of the Universe at large scales. However, we
know that these symmetries are not respected at smaller scales anymore and in
the next section we will perturb the FLRW metric and we study the evolution
of the perturbations in such an Universe.

1.3 The cosmological perturbation theory

The Friedmann model that has been discussed so far describes a maximally
symmetric Universe. However we know that the Universe is not homogenous

6de Sitter effect: lights emitted from particles at rest in the de Sitter static Universe are
redshifted. The situation is, in fact, far more complicated than was thought and was not
attributed properly until the mid 1930 ’s. One difficulty is that particles placed at a point in
the de Sitter Universe start to also accelerate away from the reference point. This brings an
additional effect to the redshift.

12
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and isotropic at all scales and the presence of the structures including ourselves
break the symmetry at small scales. In fact, it is believed that the structures we
see in the Universe grew out of small fluctuations which originated from the early
universe. In order to study the formation of such structures in the Universe, we
need to understand how the small fluctuations around the maximally symmetric
Universe evolve and eventually result in the non-linear structures (see
[dola & Tsujikawa] [2010], [Dodelson| [2003], [Durrer] [2008], [Padmanabhan] [1996],
[Padmanabhan| [2000], [Padmanabhan| [2002, R010], [Weinberg] [200§] for a detailed

discussion about the subject).

A metric that deviates from a maximally symmetric space can be written as
the sum of an FLRW part which respects all the symmetries plus a perturbed
metric;

Guv = g;g()y) + 5g/wa (143)

where the perturbed part is assumed to be small compared to the background
metric.

In General Relativity the equations should be invariant under a general co-
ordinate transformation. This implies that the splitting between an unpertubed
metric and a perturbed one is not unique. We can of course choose a special
coordinate frame and write down the equations, but it would be very confusing
if we change the background metric by changing the coordinates. So we intend
to keep the FLRW metric as the background whenever we make a general trans-
formation. This procedure suggests a class of infinitesimal transformations that
does not change ggl), while the perturbed metric dg,, is subject to change. This
class of coordinate transformations are called gauge transformations.

To be specific we consider a general coordinate transformation from the co-
ordinate system x* to another z* as

at — =t + (). (1.44)
The metric tensor as a result is transformed as,

. O0r*Oxr
G (2) = @@QM(I’)- (1.45)

As discussed previously, this transformation is a pure coordinate transformation
which in general changes the background and perturbation quantities. As ex-
plained above it is more convenient to work with the “gauge transformations”
which only transform the perturbations. In fact after the coordinate transforma-
tion we relabel the coordinates by dropping the hat on the coordinate argument,
which means that we are dealing with two different points on the manifold, since
x in two coordinates are assigned with two different but near physical points. So

13
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the gauge transformation on the metric tensor results in,

Ahy(2) = G () = G (2)
=0 (2" =€) = (%) = G (%) — Opg ()€’ — G ()

:8 (x?f_'_ e“) 0 (x?x_: Eu)gm(x) - g,w(x) — apgw(x)ep _ gm,(x) (1.46)
= ) 5 — ) T - ),

where we have denoted the gauge transformation with A. It is obvious that the
background metric under the gauge transformation remains unchanged as we
demanded, but it may contribute in first order perturbations.

Aguu = §MV(t) - §W(t) =0+ O(E) . (147)

There are often two approaches to deal with the gauge problem in cosmology.
The first is to fix a specific gauge, i.e., to choose conditions on the space-time
coordinates which completely remove the gauge freedom, the second is to work
with a basis of gauge invariant variables, but this approach usually leads to
unintuitive variables and complicated equations|Brandenberger| [2004]. Using the
first approach (fixing a specific gauge), we can choose a specific coordinate which
is called the Newtonian gauge and the observers in this gauge detect a velocity
field and measure a gravitational potential. This gauge is particularly interesting
as the metric tensor in this gauge is diagonal which simplifies the calculations and
leads to straightforward geodesic equations. Moreover, the metric perturbation
in this gauge plays the role of the gravitational potential in the Newtonian limit
and as a result has a simple physical explanation. Plus, the two scalar potentials
in this gauge are identical to the gauge-invariant Bardeen potentials &, and
Oy (see Ma & Bertschinger| [1995a] for a discussion about the Newtonian and
Synchronous gauges).

We start with the most general perturbed metric about the background
FLRW written in the form g,, = gfﬁ) + 09,0 as

So — ()2 A —B;
G = a(T) : (1.48)

—B;  (=296;; + hyj)

where U and & are respectively the temporal and spatial scalar perturbations, B;
is the vector perturbation and h;; is the tensor perturbation. Using the scalar-
vector-tensor (SVT) decomposition we can recover the 4 scalars, 4 vectors, and
two tensors degrees of freedom in the metric as we can decompose the vector
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perturbation part B; into the curl-free (longitudinal) and divergence-free (trans-
verse) components,

B; = B} + B! where V- B =V x Bl = 0. (1.49)
Also we can decompose the tensor perturbations similarly,
s
hi; = hl; + b + ). (1.50)
Here,
1
Bl = (vivj - 25ijv2) 0N (1.51)

where @, is a scalar and we have assumed that h;; is traceless a tensor, and
I
hi; = Vihi + V;h; (1.52)

where h;- is a divergenceless vector. The two physical degrees of freedom left in
the tensor modes hgf) correspond to the two polarisations of gravitational waves.
After the SVT decomposition we can rewrite the “scalar” perturbations of the
metric in the following form,

-2V —-B;

)

(Sg,uz/ = a2<T> (153)

h
~B, —205;+ o)

Fixing the gauge to the Newtonian gauge will remove two scalar degrees of free-
dom as we have
B=oM =0, (1.54)

At the end the line element in the Newtonian gauge is written as,
ds* = a(r)? |~ (1+ 20)dr* + (1 — 20)d;;da’da’| . (1.55)

It is important to note that in first order perturbation theory the equations for
the scalars, vectors and tensors decouple and one can study each independently.
Moreover, in this section we neglect the vector and tensor perturbations since
the tensorial modes are coupled to matter only for anisotropic perturbations and
vectorial modes (if present initially) decay in time as 1/a (see for detailed dis-
cussion [Amendola & Tsujikawal [2010], [Dodelson| [2003], [Durrer| [2008], [Weinberg]
and also Chapter |4 where we discuss the generation of vector and tensor
perturbations due to the non-linear structure formation).

To obtain the first order Einstein field equations we decompose the Einstein
tensor and the stress energy tensor into the background and perturbed part,
similar to what we did to the metric;

Gt =arO L 5ar, T =THO 45T (1.56)

v

15



Chapter 1. Introduction

which help us to solve the equations perturbatively, i.e.,
GHO) = ) (1.57)
0GY = 8nGIT!' . (1.58)

Eq. (1.57) gives the Friedmann equations we obtained in the previous section,
while Eq. (1.58) results in the equations for the evolution of the metric perturba-
tions. To compute dG* we need to calculate the first order geometric quantities,
ie., oI\, 0R,, and JR.

The perturbed Christoffel symbols 6T, read,

1 1
5F5A = 55.9“0[ (goa/,)\ + gou\,oa - guz\,oz> + 59’” (6go¢u,)\ + 5904)\,04 - 5gl/>\,a) . (159)

Next, we have to calculate perturbations in the Ricci tensor and in the Ricci
scalar;

_ ST a a B o B a B a B
5RW =0I —or + 5FWF 3 + FW(SFaﬂ — (H‘uﬁfa,} — F#BFCW

J7I7eY Jen% « (160)
OR = 0g""Ro, + g" 0 Ry,
and finally the perturbed Einstein tensors are obtained by,
1 1
5GHV = 5RHV — §5gny — ig'mjéR’ (161)
0GH = 69" Gy + §"*Gay - (1.62)

For the metric written in the Newtonian gauge the perturbed Einstein tensors
read,
0GY =207 [3H (HY + @) — V?| |
0GY =207 (=" = HY),
OGS =2a72 [(H? + 2H') U + HW' + " + 2HY'| 4,
+a VAW - 0)5) — (¥ — @)

(1.63)

where the subscript “|” shows a 3D covariant derivative and V2 f = f:? :

To write down the Einstein’s equations we need to also specify the matter
source and determine the perturbed energy-momentum tensor 67, which also
let us to obtain the first order continuity equation 67}, = 0.

To determine the perturbed stress energy tensor, we need to calculate the

perturbed four-velocity u* = %. Considering only first order perturbations, we
have
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1.3. The cosmological perturbation theory

dz* _ da’

where v! = &= = a‘y is the peculiar velocity of matter with respect to the

expansion. For a single fluid, the stress-energy tensor in general is given by
T = (p+ P)uyts, + Py + [qutt + quiy + T (1.64)

where p, P, u,, q,, 7, represents the energy density, pressure, four-velocity vec-
tor, heat flux vector and viscous shear tensor respectively. The heat flux vector
and viscous shear tensor are important for fluids with sizable internal energy.
However, for perfect fluids we have ¢, = m,, = 0.

The perturbed stress-energy tensor using Eq. (1.64) for a perfect fluid is
written as

0Tt =p {5 (1 + cg) u,ut + (14 w) (Su,u + u,6ul) + 20 51’}‘} : (1.65)
where w = P/p is the equation of state and the speed of sound ¢y is defined as

P _dP P

2 —_— = — =
*odp dp o p

, (1.66)

C

and also we have used the following definitions for the divergence of velocity 6
and the density contrast dp/p = (p(z) — p)/p,

= 5;, =Vu'. (1.67)

It is worth mentioning that in general the pressure P can depend on internal
properties of the system e.g. the entropy s. Then the speed of sound is not

simply /P /p and in general is,

2 _ 6P(p,s) 0P 0Pds , 5

“T sy T 0p dsap Gl

(1.68)

s(na) »

where cyq) = /P /p is called the adiabatic sound speed and Cs(na) 1s the non-
adiabatic sound speed.

The stress-energy tensor components for a perfect fluid which is assumed to
remain perfect under perturbation,

6TO = =0T = (1 +w)pv' (1.69)

(2

0T} = 6T = 6T3 = 2dp.
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As a result, the perturbed Einstein equations using the 0G# = 8rGOT* are
written as,

3H(HY + @) — V2 = —4xGa*dp,
V2 (=@ — HY) = 47Ga’*(1 + w)pb, (1.70)
V=0,
—®" — 2HP — HV — (H?> +2H) U = —4nGa*cdp .
Moreover, according to the definition of covariant derivative of a tensor,
Th, =Th, — DTS + T T | (1.71)

The first order equation for the divergence of the stress-energy tensor for the Oth
component is written as,

0TY, — OTes T — Tou8TH + 6TE, Ty + 15,07y =0, (1.72)

which, using the expressions for the first order Christoffel symbols in Eq. (1.59),
results in the first order continuity equation,

(6p) + 3H(0p+6P) = —(p+ P) (6 —39') , (1.73)

in which we can write it in terms of the equation of state w, the speed of sound
cs and the density contrast as ,

0+ 3H (¢ —w) 6 = —(1+w) (0 —3) . (1.74)
The Euler equation is obtained by 07}, = 0 for v = i and reads as,
V' +3HOV = —adP — (p+ P)a¥, (1.75)

where 6V = a(p+ P)v and v is the velocity potential defined by v* = V'0. Taking
the divergence of the previous expression results in the familiar form of the Euler
equation,

! 2

0+ |H(1 —3w) + v ]9:—V2< % 5+\If>. (1.76)
1+w 1+w

The equations we have written up to now are linear partial differential equa-

tions. It is most convenient to solve these equations in the Fourier space. The

reason is that in the Fourier space the resulting Fourier amplitudes lead to an

ordinary differential equations which are much easier to solve than the partial
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differential equation in the real space for the same dynamics. It is important
to note that the maximally symmetric background makes the Fourier transform
useful as the background variables are only time dependent and the only Z depen-
dence is in the perturbation variables themselves. We use the following notation
for Fourier transform,

fi = A/def(x)e’ik'x,
fx) = B [ @kfie™>,

where we choose the convention A = 1, B = 1/(27)® which makes the basis func-
tion e’®* orthonormal rather than just orthogonal. In practice we can substitute
each quantity and its spatial derivatives using the following expressions,

(1.77)

f(z,m) = fr(n),
V2 f(x,n) — =k fi(n).

Dropping the subscript “k” from the quantities in the Fourier space, we can write
the full evolution equations for each Fourier mode k as following,

— k*® + 3H (-9 — HV) = 47Ga*ps (1.79)

k2 (=@ — HU) = —47Ga(1 4 w)ph (1.80)

V=0, (1.81)

— O — 2HY — HY — (H? + 2H') ¥ = —4xGa’c2dp, (1.82)

0 +3H (2 —w)d = —(1+w) (0 —30), (1.83)

0+ l%u )+ - ] 0 = k2 (Cgé + xp) , (1.84)
1+w 1+w

where 0 = ik - v. Note that the six equations above are not independent.
By combining the first two equations we obtain the relativistic Poisson equa-
tion,

— k® = 47Ga’p [0 + 3H(w + 1)0/k?| = 4rGa’p A, (1.85)
where we define the comoving density contrast (total-matter variable):
A=6+3H(w+1)0/k>. (1.86)

Note that in our conventions an overdensity A > 0 generates negative gravita-
tional potentials, 7.e., ® < 0 and ¥ < 0.
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1.3.1 Short wave corrections

In the previous subsection we discussed the equations for the evolution of the
first order perturbations. The non-linear structures we observe in the Universe
today are the result of the growth of initial small perturbations. This suggests us
the perturbative expansion we have considered will be broken at some time and
some scale. However the cosmological observations propose that while there are
highly dense regions at small scales but there are no strong gravitational fields
objects at the scales of interest. Using the observational evidence we can pick
the weak field approximation to study the structure formation in the Universe.

The weak-field limit requires that the metric perturbations about the back-
ground FLRW metric and consequently the gravitational potentials remain small
but the matter perturbations can become large and should not be treated per-
turbatively. This scheme seems relevant for the cosmological studies since most
of the objects of interest are within the weak field regime. In Fig. |1.2 we show
the gravitational potentials and the densities of some structures in the Universe.
From the figure and the observational fact that by increasing the size of struc-
tures their densities and gravitational potentials decrease, one can see that most
of the structures important for cosmological studies are in the weak field regime.
To explain the objects in the strong field regime (neutron stars, black holes)
we cannot use the weak field approximation anymore and we need to pick the
appropriate metric according to the symmetries.

To this end, we assume that the potentials remain small, but their variation of
fluctuations (like the curvature of the potential wells) at small scales can become
large which leads to large density fluctuations, so dp/p ~ (k/H)?>® can become
very large in principle. To do the expansion consistently, considering a small
parameter €, we assume ®, W, B; and h;; are at most of order O(¢). Also for non-
relativistic components, time derivatives are usually of order Hubble thus do not
change the order of a term in the expansion. But each spatial derivative decreases
the order of a term by one half, for instance 9;® ~ O(¢'/?) and V2® ~ O(€°)
(see [Adamek et al| [2016a], ]Adamek et al| [2016D], [Fidler et al][2017], [Hassani|
let al| [2019¢| for detailed discussion about the weak field approximation). In
Table 1.1 we show the order of quantities in the weak field framework. To
summarize, in the equations we keep the terms up to linear order in the metric
perturbations, but from the quadratic terms we only keep the ones that have
exactly two or more spatial derivatives. For example at the first order in the
weak field framework we keep WV2W or §7® ; ; while we neglect the terms
like ®®’, 6 B;AB;. The higher order terms in the standard perturbation theory
contributing to the equations in the weak field framework are called “short wave
corrections” as they become only relevant at small scales.

In the following part, we are going to include the short wave corrections into
the Einstein field equations. To do so, we need to consider higher order terms
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Weak field regime Strong field regime

The Sun The Milky Way Neutron star Black hole
®~ 10" &~ 1012 o~ 10° @ ~ 10°
6~ 10% 8~ 10° § ~ 10% § 2 10%

Figure 1.2: A Picture that shows the densities and gravitational potentials of
some structures in the weak field and strong field regime, including the Sun,
the Milky Way, a neutron star and a black hole. We have not depicted larger
structures, however the structures with larger sizes (galaxies, clusters, filaments
and super-clusters) have less density and less gravitational potential compared
to the Sun and Milky way, so they also belong to the weak field regime. The
numbers for the neutron star and black hole are computed for a typical kind.

in the perturbative expansion and keep track of the number of fields and spatial
derivatives in order to use the weak field framework. To be consistent, since
for the perturbations of order higher than one, the scalar, vector and tensor
modes couple to each other, we need to write the metric in the full form, 7.e., ,
considering the vector and tensor modes in addition to the scalar modes.

We thus start from the general metric in Eq. (1.48),

ds® = g datda? = a®(7) [~ (1 + 20)d7* — 2Bida’dr + (1 — 20)6;da'da? + hyda’da |
(1.87)

We use the Poisson gauge, which implies 6 B; ; = 69 h;; = §7%h;;, = 0 to remove

the extra degrees of freedom. Solving the Einstein’s equations in the weak field

limit G# = 87 GT! results in the following time-time component (for details see
(Adamek et al| [2016a} [2017b], [Hassani et al.| [2020b],

(14 40)AD — 3HD' + 3H?(y — D) + ‘;’&'ﬂ'q{z@d = —4rGa® (T - T¢) , (1.88)

where Y = ® — U. This equation in the first order limit and neglecting the rela-
tivistic corrections reduce to the Newtonian Poisson equation Ayy = 47Ga?dp
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variable order

O U U v €

D0, PV, et/?
D5V 1
XX s X5 X Xlas Xoig €
B, B, B!, B, ; B, ;Biji ¢
hijs Bigy W, By Bl s higir | €
ST )TY 1

To/T9 /2
Hij/TOO €
v, g; 1

Table 1.1: A table showing the order of perturbative quantities we consider to
obtain the equations in the weak field regime. This table is similar to the table
in [Adamek et al|[2016a] which is the framework used in the gevolution N-body
code.

and at the first order is similar to the Eq. (1.85). The other 5 degrees of free-
dom i.e. x (one scalar degree of freedom), B; (two vector degree of freedom)
and h;; (two tensor degree of freedom) are determined from the traceless part of
space-space Einstein’s equations which are fully relativistic without Newtonian
analogue. In the weak-field expansion they read;

P 1 1
(8501 = 5070 ) |ty + Phiy = 5 iy + By + 2HBag) + X
T (1.89)
— 2X(1),ij + 2@71‘@7]‘ + 4@@7”] = 87rGa2 (&kﬂl — 36kl77> = 87TGCL2HH .

The other four Einstein’s equations obtained from the time-space equations and
the spatial trace, are not independent and can be obtained from the previous
equations, however sometime it is useful some of those equations to do consis-
tency checks of the solutions.
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1.4 Measures of inhomogeneity

In the previous section we studied the cosmological perturbations around the
homogenous and isotropic FLRW background and later we discussed the idea of
weak field framework which led us to take the so called “short wave” corrections
into account. Our goal in this section is to introduce the statistical tools to
quantify the inhomogeneities in the Universe.

Due to two main reasons the Universe we observe is modeled as a stochastic
realization of an ensemble of many possibilities. First, we do not have access to
the primordial fluctuations in a deterministic way due to the quantum nature
of those fluctuations, i.e., having the definite initial conditions for the evolution
equations. Second, we cannot trace the objects in the Universe by observation
as we can only observe through our past light cone in which we observe different
objects at different times of their evolution, thus testing the evolution of structure
must be done statistically.

We consider some physical stochastic quantity f(x) like the density contrast
or gravitational potential which charactrises the inhomogeneities in the universe.
However, in the real space one can define the two-point correlation function &(r)
of the field f(x) as

£(r) = (f(x) f(x +T))ensemble (1.90)

where the averaging, in principle, should be done at two specific points z and y
over different ensembles of the universes. But as a single observer we only have
access to one of the samples (our Universe). Under the following assumptions
one can prove the ergodic theorem, which implies that the averages over a large
domain within a single realization can be treated as averages over the probability
ensemble.

The assumptions needed to prove the ergodic theorems are (see
[Coles| [2003], [Weinberg] [2008] for in-depth discussion);

e First we assume that the distribution function of f(x) is homogeneous,
meaning that the average of any product of f(x) with different arguments
only depends on the differences of the arguments.

(f(x1)f(x2) - f(xn)) = (f(x1 + 1)) f(x2 + 1)) f(xa+71)) . (1.91)

e Second, we assume that the fields at distant space-time positions are un-
correlated, i.e., for |r| — oo,

(f(xa+1))f(Xe1 + 1)) flyr + 1)) f(ya+ 1)),

S (oSO 1)) (flya )z +r) o) (192)

= (fOa)f(x2) ) (F(y)f(y2)---) -

23



Chapter 1. Introduction

By using the ergodic theorem we can write the Eq. (1.90) as
§= <f(X)f(X + r))sky; (193)

where the subscript “sky” means that we take the average over different points
separated with the same distance on the sky instead of over different ensembles
of universes. Writing the field f in the Fourier space, results in

Pk PK
(27m)? (27)°

In practice we can evaluate (- --) by averaging over a cubical box of size 2L. In
any one dimension, so we have,

<ei(kl—k;)x> _ /L diei(k:l—k’;)z _ sin (k; — k]) L
=Jr2L (ki — k) L

§r) = (FOOfx + 1)) = [ 50 e (i) (104

For large L, we can use the following limit

. sin kL 21
ngréo{ kL } = ey ™"

which results in,

fkfk’elk I‘(SDirac (k - k/)

@) [ Pk dk’
W= /<2w>< o)

_/ d3k |fk zkr_/ d3k zkr
(2m)3

?

where the volume V = (2L)* and P(k) = |fi|?V ! is the power spectrum of
f(x). Similarly we can also calculate the two-point correlation in Fourier space,
d*x  d*r
(2m)* (27)?

d3
=dp (k+ k) / (27:)‘35(70) exp(ik - r) (1.95)
= (27)%p (k + K') P(k)

5( ) —i(k+k’)-x—ik’-r

G5 = [

As we saw in the previous section at linear order the Fourier modes decouple
and they evolve independently. So the easiest way to quantify the variation of a
field f(x) is to use the amplitude of the field in the Fourier space | fk\2. Moreover,
in the linear regime (at large scales) the cosmological fields e.g., the density field
are Gaussian. These features make the power spectrum a very powerful tool
for the cosmological studies as it is sufficient to entirely describe the fields (see
[Amendola & Tsujikawa] [2010], [Dodelson| [2003[, [Durrer] [2008], [Padmanabhan|
[1996] for more details)
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1.5 Dark energy and modified gravity

In the late 1998’s two independent groups of astronomers were searching for
supernovae at high redshifts with the hope to measure the deceleration rate of
the Universe. Surprisingly, the independent observations were suggesting that
the expansion of the Universe was accelerating. Cosmologists and astronomers
started to build models to describe the observations: knowing that,

e The component responsible for the cosmic acceleration accounts for about
70% of the cosmic energy density.

e [t acts opposite to gravity and is in fact gravitationally repulsive.

e [t does not seem to cluster similar to the baryons and dark matter in the
non-linear structures like galaxies, clusters and etc.

Due to its mysterious nature cosmologists called it “dark energy”, a puzzling
component with all aforementioned properties and responsible for the late time
accelerating expansion of the Universe (see [Caldwell| [2004] for a historical dis-
cussion about dark energy and modified gravity). Since then thousands of papers
have been written on dark energy and accelerating expansion to solve the main
puzzle i.e., what is the nature of dark energy?

In fact the main difficulty is that the existence of a gravitationally repulsive
component has some unexpected outcomes from the fundamental physics view.
The most conservative fundamental physics-friendly suggestions are that there
is a uniform fluid of zero point energy (cosmological constant) in the Universe,
or some scientists proposed to consider a new fundamental particle with a mass
about 1073 times smaller than the electron mass. As a completely different
point of view, some researchers have also suggested to change the Einstein’s
general theory of relativity such that the cosmological evolution changes at large
distances. But none of the proposed models have been adequately verified by
both theory (fundamentally) and observations yet. However, the cosmological
constant A as a phenomenological parameter which corresponds to the simplest
scenario for dark energy, although not being theoretically well motivated but has
been a successful theory by now according to the cosmological observations and
thus is favored by some cosmologists.

In the following list we summarize the most important events related to the
dark energy in a chronological way including the year 2011 when the Nobel prize
was awarded for the discovery of cosmic acceleration (for a detailed list see
fet al|[2011], [Straumann| [2002], [Weinberg] [1989])

1917: The idea of the cosmological constant was suggested by Einstein,
when he added a constant term in the field equations. He considered the cos-
mological constant due to two main reasons: first to obtain a static universe;
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second, to isolated mass to prevent having a structure on space at infinity in a
closed universe.

1920s: Pauli found out that for a radiation field the vacuum energy is too
large to gravitate. In fact the vacuum energy density of a radiation field is shown
to be proportional to the cutoff of the theory to the fourth power. Pauli, in an
unpublished work, showed that using the electron radius as an ultraviolet cutoff,
the universe curvature will be so large and the Universe “could not even reach
to the moon”.

1932: Einstein regretted adding the cosmological constant his field equations
because of the discovery of the cosmic expansion. Although in 1923 he already
wrote to Weyl : “If there is no quasi-static world, then away with the cosmo-
logical term!”, apparently until 1932 he did not believe in “no quasi-static world”.

1960s: In order to explain why there is significant clustering of quasars
around redshift z ~ 1.95 some researches proposed to use the Lemaitre model
(closed Universe with A > Oand curvaturek = 1 ), where at that redshift the
universe looks like the Einstein’s static universe.

196°7: The old cosmological problem was established by Zeldovich when he
reexpressed the cosmological constant problem by taking the fluctuations of the
vacuum energy into account. Zeldovich also used the phrase of "fine-tuning" for
the first time in this field.

1987: Steven Weinberg “predicted” the existence of a small cosmological
constant in the Universe.

1998: Riess et al. first discovered the acceleration of expanding universe
based on the analysis of 16 distant and 34 nearby supernovae. A bit later,
Perlmutter et al. using 18 nearby supernovae and 42 high-redshift supernovae
confirmed the discovery of cosmic acceleration.

1998-today: Many dark energy (in the form of a scalar field or fluid) and
modified gravity models (in the form of a modification to general relativity) was
suggested by cosmologists and particle physicists in order to explain the cosmic

acceleration.

2011 : For the discovery of late time cosmic acceleration, Adam Riess, Brian
Schmidt, and Saul Perlmutter won the Nobel prize in physics in 2011.

Now: Still we don’t know the nature of dark energy. This thesis is an attempt
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toward understanding its nature mainly by focusing on the non-linearities in the
cosmological components including the dark energy part and utilizing the future
cosmological surveys data. Using the predictions of the current thesis for some
dark energy models that go well into the non-linear regime we will hopefully be
able to constrain dark energy models tightly and we might find a clear evidence
for clustering of dark energy which would rule out the cosmological constant as
the reason behind the cosmic acceleration.

1.6 The Effective Field Theory of Dark Energy

The first step toward modification of the ACDM theory is adding a single degree
of freedom in the form of a scalar field. The scalar field can be interpreted as
either in the form of a modification to the GR or as a dark energy fluid, which in
either cases it has the role of dark energy to explain the accelerating expansion
of the Universe with some additional properties compared to the cosmological
constant A (for a review of the subject see [Clifton et al| [2012a], [Gleyzes| [2015],
Joyce et al|[2015] )”

The Effective Field Theory of Dark Energy (EFT of DE) on the other hand
allows us to study very general dark energy and modified gravity models based
on a single scalar degree of freedom, in a relativistic setting and with a minimal
set of parameters. So it seems that the appropriate language to deal with the
additional scalar field is the EFT of DE and thus we choose this language to
write down the equations of motion.

In general the EFT, in physics, is a type of approximation for an underlying
fundamental theory. The fundamental theory could be the quantum field theory,
statistical physics, quantum gravity and etc. In the EFT approach we use the rel-
evant degrees of freedom at a certain range of energies/distances while neglecting
high energy/ short distance behavior of the system. In fact the EFT framework
could be seen as such we average over all the high energy/small scale behavior of
the system and we associate all the small scale/high energy details as an average
to the low energy description. As a result the EFT approach is safe to be used at
a range of energies/scales far from the EFT limit. As an important example of
the EFT framework we can name the fluid approach in which we express a fluid
with a huge number of particles with just couple of low energy/long distance
parameters like the speed of sound, pressure, density and etc. However we know
that when we look at a fluid at very short distances the fluid description is not

"One could of course think of adding arbitrary degrees of the freedom, but that is not
usually a first step that physicists should start from plus the fact that we do not have any
hint of many additional extra degrees of freedom from observations. Moreover, considering the
easiest scenario helps us to easily generalize the theory to include more complicated scenarios.
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anymore valid to explain the behaviour of the system (see [Endlich et al| [2013],
[Hartmann| [2001], [Pich] [199§], [Wikipedia contributors] [20201]).

The idea of applying the EFT framework in cosmology was first done for
theory of inflation in [Cheung et al| [2008], [Creminelli et al,| [2006] where they
have used the EFT framework to express the most general theory for a single
scalar field in the inflationary phase to describe the fluctuations around a quasi
de Sitter background. Then a similar framework was applied for the dark energy
problem with the terminology of the “Effective Field Theory of Dark Energy
(EFT of DE)” in [Gubitosi et al| [2013a] .

The EFT of DE is especially considered important and worth studying be-
cause, although it is not a fundamental theory, it offers several advantages [Bellinj]
& Sawicki] [2014], [Creminelli et al] [2009], [Frusciante & Papadomanolakig [2017],
Gleyzes 2015], [Gleyzes et al] 2013 R015], [Gubitosi et al] [2013a]:

e First, we can express a large class of dark energy and modified grav-
ity (DE/MG) models with a minimal number of parameters in a model-
independent approach and using a unified language.

e Second, the phenomenological parameters of the effective theory can be
constrained directly by cosmological observations without being specific to
any DE/MG models nor to their original motivations.

e Third, the EFT approach allows the theorists to carefully examine the
unexplored regions of the space of parameters which could in principle
guide towards new viable theories for dark energy.

In the following we will discuss the main ideas of the EFT of DE and we
write down the full EFT of DE action,

1.6.1 Geometrical quantities

First, we assume the weak equivalence principle meaning that there is a metric g,
which is universally coupled to all matter fields. The main idea here would be to
use the uniform scalar field hypersurfaces as the time coordinate. In other words,
we redefine the time such a way that the scalar becomes a constant without any
perturbations on these hypersurfaces while the scalar field perturbations have
gone into the time coordinate and geometric objects. Then without having the
difficulties of dealing with the scalar field perturbations we write a generic action
based on the basic geometric quantities that appear in an ADMF| decomposition

8ADM named after Richard Arnowitt, Stanley Deser and Charles W. Misner, the three
authors of “Dynamical Structure and Definition of Energy in General Relativity”
11959 for the Hamiltonian formulation of general relativity.
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of space-time. This action would describe cosmological perturbations around a
FLRW background which is useful to express a theory beyond ACDM.

We assume the scalar field to be space-like or equivalently characterized by
a time-like space-time gradient, ¢.e., to have a gradient such that V,pV#¢ < 0.
In this case, the constant scalar field hypersurfaces define a foliation of time
and the uniform scalar field hypersurfaces can be used for 3+1 decomposition
of space-time, which separate the quantities into orthogonal and parallel to the
hypersurface ¢ = const based on the ADM formalism. We use the gauge freedom
in the theory to choose this specific time foliation which is called the unitary
gauge.

In the new time coordinate (unitary gauge) the perturbations in the scalar
field ¢ are hidden, so we have,

o(t, %) = @o(t) + dp(t,T) = wo(t) (1.96)

where ¢ is chosen such that dp(¢,#) = 0. The kinetic term for ¢ in this gauge

reads,
X = V,oVFp = g%z (1.97)

where g% = —1+ §¢% and thus the kinetic term contributes to the perturbative
expansion.

This space-time foliation allow us to define various geometric objects. The
first associated geometric quantity is defined based on the fact that the hypersur-
faces are constant scalar field, so the vectors perpendicular to these hypersurfaces
are obtained by ﬁcp. The future-oriented time-like unit vector normal to the hy-
persurfaces read as,

1 g
n, = —ﬁvuw, X = gp Vpgovggo (198)
where g,,n*n" = —1 and n,n*V n* = 0 assuring all the properties of being
time-like, unit vector and orthogonal to the constant field hypersurfaces. Using
nt and the four dimensional metric g,, we can define the projection tensor h,,

as
hyw = Guw +1pn (1.99)

Intrinsic curvature of the hypersurfaces is described by the three-dimensional
Ricci tensor, in which it has the same degrees of freedom as Riemann tensor in

three-dimensional space-time
®R,., (1.100)

which is defined based on the metric h,, on the hypersurfaces. The extrinsic
curvature tensor is defined as,

K" = bV n, . (1.101)
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These are the main geometric quantities we can define on these hypersurfaces,
while other quantities can be derived by combining the above quantities together
with the covariant derivative V,, and the 4D metric g,,. For example the “ac-
celeration” vector field is defined as,

a' = n*Vnt, (1.102)

which is tangent to the hypersurfaces and thus orthogonal to n* i.e., n,a* = 0.

It is useful to write down the aforementioned expressions explicitly based on
the scalar field, because some dark energy models are given explicitly in terms
of a scalar field. As previously mentioned n, = —\/+—XVMQD and the extrinsic
curvature reads,

1 1 N
K., = _jv“v”gp + nya, + nya, + o "t VX (1.103)
We can use the Gauss-Codazzi relations to define the other three-dimensional
quantities based on the four-dimensional ones and the extrinsic curvature (see
[Gleyzes et al|[2013] for more details),

(3)RIW = (RMV)” + (nJ”pRuUVp)H - KKy + Ko K7, (1.104)

®OR=R+ K* - K,,K" — 2V, (Kn* —n") (1.105)

where the symbol || means projection on the 3D-hypersurfaces using the 3D met-
ric h,,, e.g. (Vu)” = h}V, and i, = n"V, n,. In Fig. 1.3| we have schematically
shown a hypersurface and the geometric quantities associated with it.

1.6.2 ADM coordinates

So far all the geometric quantities have been defined intrinsically without as-
suming any coordinate. However, since we have specified a special time foliation
according to the ¢ = const hypersurfaces, it is useful to adopt a coordinate sys-
tem according to this slicing. So we express the four-dimensional metric in the
ADM form in which we choose the constant time hypersurfaces coinciding with
the ¢ = const hypersurfaces,

ds* = —=N?dt* + hy; (da' + N'dt) (da’ + Ndt) | (1.106)

where N is the lapse and N* the shift function. The components of the metric
and of its inverse in the matrix form are written respectively as

—N2+hijNiNj hiij W —1/N2 Nj/N2
Guv = , g =
hijNi hij ]\/'i/]\/'2 hij—NiNj/Nz.
(1.107)
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Figure 1.3: A schematic image showing a constant scalar filed hypersurface and
the geometric objects associated with it.

The standard kinetic term in this coordinate reads,

X =g"%(t) = —“ij(f) , (1.108)

since the scalar field is space independent, the components of the normal vector
are;

ng=—-N, n;=0. (1.109)

The components of the extrinsic curvature tensor on the 3D hypersurfaces read;
1 .

Kij = 5 (hij = DiN; = D;N;) (1.110)

where a dot stands for a time derivative with respect to ¢, and D; indicates the
3D covariant derivative associated with the 3D spatial metric h;;. The 3D spatial
indices are raised and lowered by the spatial metric h;;.

There are two main advantages in using the unitary gauge (see|Arkani-Hamed]

et al] [2004], [Cheung et al] [200§], [Creminelli et al] [2006], [Gleyzes et al] [2013])

e We can write a generic action for cosmological perturbations in a straight-
forward way using this gauge. The reason is that the dynamics of the scalar
field has been put into the metric, the most generic action is written similar
to that for the metric perturbations around a FLRW solution.
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e The second advantage is the 3 4+ 1 splitting in unitary gauge allows us
to keep the number of time derivatives under control, while we can con-
sider higher space derivatives. As a result using the unitary gauge, we can
systematically write the theories with higher spatial derivative.

1.6.3 General Lagrangian in unitary gauge

The most general gravitational actions written in terms of the geometrical quan-
tities and being invariant under spatial diffeomorphism | expressed in ADM
coordinates,

Sg = /d4$\/ —gL (N, KijaRijahij;Di;t) 5 (1111)

where the determinant of the 4D metric is written as /—g = Nv/h, and where
h is the determinant of the 3D metric h;;.

In the following we derive the Lagrangian written in the previous form (1.111))
for three theories, namely General Relativity, the k-essence and f(R) theories.

General Relativity:

We start from the Einstein-Hilbert action
M3
Ser = /d4x\/_—97le. (1.112)

using the Gauss-Codazzi expression in (1.105) we can write the 4D Ricci scalar
in terms of the geometrical objects on the 3D hypersurfaces. Therefore we can
easily obtain the Lagrangian in the ADM form (1.111)) General Relativity (GR),

Mg,
2
Note that, in the case of GR there is no scalar degree of freedom and thus the
slicing of space-time is arbitrary. This provides us with an additional symmetry in
the GR Lagrangian and leads to full four-dimensional diffeomorphism invariance,

which is not immediately clear in the ADM form while it is clear in the 4D version
as the 4D Ricci scalar is by definition 4D diffeomorphism invariant.

Lon = [KMK“ — K%+ <3>R] . (1.113)

k-essence:

The simplest way to extend the GR action is to add a scalar field in the form of
a potential and a standard kinetic term as following,

1
Suinessence = / d'ar/—g <—2 O — V(go)) . (1.114)

9invariant under the change of spatial coordinates
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This action corresponds to the quintessence model which is added to the GR
action,

S = SGR + Squintessence (1115)
The ADM Lagrangian of the Squintessence 1S simply [Creminelli et al.| [2009],
¢*(t)

Lquintessence (t> N) =

—Vi(e(t)). 1.116
D (0) (1.116)
Similarly, we can describe k-essence theories in the ADM form. The k-essence
theories can be expressed as a general form of quintessence models, in which the

action is a general function of a potential and a kinetic term [Armendariz-Picon|
fet al| [2000] [2001],

Sk-essence = /d4.’ﬂ\/ _gP(X> 90) . (1117>

The k-essence Lagrangian is written in the ADM form as following
[Sawicki] 2014], [Gleyzes| [2015], [Gleyzes et al] [2015)],

i (0.3) = P | =58 (0] (L1

f(R) theories:

In these theories the Lagrangian is a nonlinear function of the four-dimensional
Ricci scalar R. These theories are equivalent to a scalar-tensor theory. It can be
shown that the f(R) Lagrangian can be written in the following form
[2004], [Gleyzes et al.| [2015],

Liry = flo) + fole) (R—¢) . (1.119)

This is equivalent to the Lagrangian f (R), because they lead to the same equa-
tions of motion (as long as the second derivative of f(R) with respect to R is non
zero i.e., frr # 0). Using the previous Lagrangian one can easily express these
theories in the ADM form [Bellini & Sawicki| [2014], (Gleyzes et al| [2015],

Lery = Fp (R+ KW K" — K?) + 2F, KN=X + F(p) = ¢F, . (1.120)

1.6.4 Cosmology: Background evolution

In this subsection we discuss the cosmological background equations. We con-
sider a spatially flat FLRW metric,

ds? = ~N*(t)de* + a*(1)dyyd'do’ (1.121)
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where previously in Eq. (1.9) we set N(t) = 1 as we considered an especial time
coordinate, but here we let it to be unspecified. In this space-time, the intrinsic
curvature tensor of the 3D hypersurfaces vanishes, i.e., R;; = 0, and the extrinsic
curvature reads,

K!=H(t)5!,, S=K,K" =3H(t)*/N(t)*, (1.122)

where H = % is the Hubble parameter. Substituting into the ADM form of the
Lagrangian (1.111)) we thus find an homogeneous Lagrangian,

Tl o N i a o p N
L(a,a, N) =L [Kj — -8R = 0N = N(t)} . (1.123)
The action thus reads as
G 3T | i a4 o N
Shnckground = / did*z Na*L [Kj — -8R = 0N = N(t)} L (1124)
The variation of this action with respect to the lapse and scale factor leads to,
G s {37, 0L Y
Shmckgrouna = [ dtd x{a L+Ngy —3HF | oN (1.125)
2 < - e \F"
30N (L-3HF - 5a}, (1.126)

where F is defined from the derivative of the Lagrangian with respect to the
extrinsic curvature, evaluated on the background

( oL ) = Fa 267, (1.127)
8Kij background

where a=20% corresponds to the spatial components of the inverse background
metric g¥. To obtain the evolution we add matter minimally coupled to the
metric g,,, in which the variation of the matter action with respect to the metric
defines the energy-momentum tensor,

1
5Smatter - 5 / d4$ V _QT'[W(SQMV . (1128)

In a FLRW Universe,

5‘§matter = /d4$Na3 <—,0m6{v + 3pm6a> . (1129)
N a

As a result the variation of the total homogeneous action including the matter
part and the gravity part Siotal = Sbackground + Smatter With respect to the lapse NV
and the scale factor a gives the first and second Friedmann equations respectively.

L+NLy—3HF = py, (1.130)
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L—3HF —F/N = —py. (1.131)

Obviously, in order to write these equations in the usual form we need to write
down the quantities for the GR case,

OLar
K’

= M3 (K! - Kdl) | (1.132)

which, having K J‘ =H 6;, gives,
For = —2Mp H, (1.133)

moreover, Lgr = —3M32,H? and Ly = 0. Substituting these into the (1.130) and
(1.131) yields the known form of the Friedman equations (1.31) and (1.32).

1.6.5 Cosmology: The EFT quadratic action

In this subsection we limit ourselves to the linear perturbations about the FLRW
background solution, in which we expand the action written in the ADM form
up to quadratic order (see [Frusciante & Perenon| [2020], [Gleyzes et al] [2015],
[Piazza & Vernizzi| [2013], [Tsujikawal [2015] for detailed discussion). In general
the expansion of the Lagrangian L up to quadratic order gives

i i 7 oL i oL i 2
L(N.IG R, ...) = Lt LyON + o 50K 4 = 0+ L+ (1134)
J J
where L is the quadratic part given by
1 1 0L . 1 0L
L® =ZLyNON? 4+ - §K'0KF+ ~——6R'.0RF
o O S o O S g T .
+ ﬂamam + ﬂmaf{i + 827L6N6Ri + e
OKIORF 7" " ONOK! 7 ONOR: 7o

The dots in the previous equations correspond to other possible terms which we
neglect here. The terms dN and K are defined as

SN=N-N, 6K =K/ —H, (1.136)

and all the derivatives are evaluated on the FLRW background. We can sim-
plify the expression (1.135) mainly using integration by parts and employing the
background symmetries. For example, according to the definitions we have,

oL .
e JK! = FSK = F(K — 3H), (1.137)
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and using the definition of the extrinsic curvature K = V,n" we can simplify
the integral using integration by parts,

/d4x\/—g}'K = —/d4x\/—gn“vﬂf: —/d4x\/—g;. (1.138)

Moreover we can simplify the terms 8; (,];Yl, where X and Y can be K or R,

using the fully symmetric FLRW background and write,

OL = Akdiof + Ak (005 + 6%0;)

OK!OK!
PL = Apdist + Ag (605 + %6 (1.139)
ORIORL REG7 BT ’
’L _ _ Asisk isk ik
OKIOR. Cojor +C (5l53’ +9 5ﬂ> ’

also with the similar reasoning we have,
0?L

L _ B&! = Bro! (1.140)
ONOK: 7 ONOR, ‘

The EFT action

Using the previous expressions and some redefinitions|Gleyzes et al.|[2013] [2015],
we can write the most general EF'T Lagrangian, to quadratic order for a single-
field dark energy models leading to at most second order equations of motion
as;

S = / dz/—g lﬂf FOWR = A(t) — c(t)g™ + M‘i‘;(’f) (5900)2 — ”%@)Magoo

=2
—mj(t) (0K? - KLOK)) + m42(t)R(5g001 .
(1.141)

We can also rewrite the action in another form as following [Bellini & Sawickil
[2014], [Frusciante & Perenon| [2020], [Gleyzes et al.|[2015],

S, —/d4:1:a M;) [M(WMW SK? 4 (14 ap(t)) <52R—1—6\/_R

a? ) (1.142)
+H?ak(t)ON? + 4Hap(t)SNSK + (1 + ay(t)) RéN] + e

where the coefficients o; and M are generally time-dependent. Moreover we can

also introduce a;, as, '
2M
= —— 1.14
M= HM (1.143)
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M2 (633 (0774 ap (0% g
MZf + 2m? M2j2(mi) | 2eramd | m2iomd | 2m3 | 2(@i-m3)
* my MZH MZH? 2MZH 2 M2

Table 1.2: The dictionary to translate the expressions from one to the other
notation.

which parameterizes the time evolution of the Planck mass. The advantage of the
previous action is that the parameters are defined such a way that ACDM+GR
is restored by setting all o; to zero. Moreover, we can interpret these equations
physically while it is difficult in the form (1.141). However, one can interchange-
ably use either definition and simply translate the results using the dictionary in
Table. 1.2 (see [Bellini & Sawicki [2014], [Frusciante & Perenon)| [2020] for different
notations and the complete dictionary).

1.6.6 Evolution of the cosmological perturbations

In this subsection we assume the action (1.141) and we obtain the equations of
the motion. First of all, the variation of the action with respect to the lapse
function N and the scale factor a gives the background evolution, which will be
useful to simplify higher order equations,

c+A=3M2(fH?+ fH) — pm,
( )= L1

A—c=M?(2fH +3fH?+2fH + f) + pa.

We also only focus on the linear scalar perturbations in the Newtonian gauge
while neglecting short wave corrections. However, for the case of k-essence scalar
field we will discuss the equations considering all the short-wave corrections in
detail in Chapter 2.

The action we previously derived was written based on the ADM decompo-
sition and on the constant scalar field hyper surfaces. By definition the action
is invariant under the 3D diffeomorphism and does not respect the full diffeo-
morphism as the time symmetry was broken in the first place. We can restore
diffeomorphism invariance of the action (which is required for the theory) by the
Stueckelberg trick. By performing a time-diffeomorphism

t—t=t+&7), T-T=7, (1.145)
where £°(t, ) = 7 describes the fluctuations of the scalar field:

p=t+m. (1.146)
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Under this diffeomorphism, any function of time f changes up to second order
as

f—>f+f7r+§f7rz+(’)(7r3) : (1.147)
while the metric component ¢ = —1/N? exactly transforms as
g — ¢" + 260, + g" 0,70, . (1.148)

For the other first order geometric quantities, we only need their change due to
the time-diffeomorphism at linear order in 7,

(SKZ']' — 5KU — Hﬂ'hij — &0]-% +0 (7T2) ,

0K — 0K — 3Hr — L0°1r + O (n?) | (1.149)
(3)Rij — (3)Rij + H (82-@7? + 5ij827T) + 0 (77'2) ,

®OR— OR+ LHT + O (n?) .

It is important to note that, although we are not in the unitary gauge anymore
the above expressions K;; and R;; sill denote the extrinsic and intrinsic curvature
on hypersurfaces of constant time.

We then expand the covariant action up to quadratic order in 7 and variation
of the action with respect to the scalar fluctuation m and the four scalar pertur-
bations in the metric yields five equations for the evolution of the scalars. In
the next step we are going to discuss these equations written in the Newtonian
gauge.

1.6.7 Evolution of linear perturbations in Newtonian gauge

We consider a linearly perturbed FLRW metric with only scalar fluctuations,
ds® = —(1 4 20)dt* + 20;a dtdx’ + a®(t) [(1 — 2®)d;; + 2hy;] dx'dx’ ,  (1.150)

where h;; is traceless and given in terms of the scalar perturbation 3,h;; =

(aiaj — %%82) B. Also here we work with the physical time t instead of the
conformal time 7 in the metric. However, one can easily write the equations
in terms of the conformal time using dr = dt/a(t) and also redefining 7 as
7(t, ) = £(t,Z)/a(t) which is discussed in Chapter 2. The extrinsic curvature
and the 3-dimensional Ricci tensor of the new equal-time hypersurfaces thus
read,

Kij = eiq}(H — (I))h” + hlj - 81'(93‘06,

1.151

ij -
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We also decompose the matter stress-energy tensor at linear order as

Té] == (Iom + 5)0m)
T = (pm + pm) v = —a’Ty (1.152)

T3 = (p + 0pn) 0} + (90; = 5010%) 0

where p,, and p,, are respectively the background energy density and pressure
and ép,, and dp,, their perturbations, v is the 3-velocity potential and o the
scalar component of the anisotropic stress.

To this end, we use the previous expressions (1.147), (1.148]), (1.149) and
(1.151) to rewrite the action for the scalar fluctuations ¥, a,, ®, 5 and 7. We then
expand the action to second order which is enough to obtain the first order field
equations. We then fix the gauge to the Newtonian gauge by setting o« = 0 = 5 in
the final equations. This procedure yields the following five equations in Fourier
space (see|Creminelli et al|[2009], [Frusciante & Papadomanolakis] [2017], |Gleyzes|
[2015], [Gleyzes et al] [2013] 2015] for detailed discussions):

(65/50 = 0) :
M2 [ —2f (0 4+ 3HS + 3H20) + f (Ex 4+ 3H2r — 3H(V — 7) — 3(d + HV))

+3Hf7r] — (¢4 M)+ (2¢ +4M} + 3Hm3) (¥ — 7)

+(m3 — 4Hm3) [~ 57 + 3(H + nH + &)| — 45m3(® + Hr) = dpn,
(1.153)

(65/60 = 0) :
M[(Hf — fim+ (U —7) + 2f(HV + ®)] — 2cr —m3(¥ —7)  (1.154)
+4m2(HY + & + Hr) = — (D + pm) ¥
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(0S/6a = 0) :
{2f [—k?(\y )+ (3H* +2H) W+ H(¥ + 36) + 615]
+ f l—gkszH\IurzH(xp i) — (3H2+2H)7r+2¢>+\if—7"r]
+fl—2Hm +2( — 7)) = fOr} + (A = &) + 2¢(¥ — 7) (1.155)
—4k [mi(\ll — )+ (Hm?1 + (mi)) T+ miﬂ
)

(#m
[ (m4) —|—3H2m4+Hm4} v
(m3) @+ Am3H(3Hr + ¥ + 30) + 4mid = opy,

+4m3Hi — [(m) + 3Hm3| (¥ — 7) — m3(¥ — #)

+4
+4
+4

(5S/6® = 0) :
M2{2f [~355 (U — ) + (3H? + 2H) W + H(¥ + 30) + &
+f [~257 + 2HY + 2H(V — 7) — (3H + 2H) 7 + 20 + ¥ — 7]

+f[2HT + 2V — )] = fOr} + (A — &) + 2¢(¥ — 7)

(1.156)
—ik [Thi(\ll — 7))+ (Hmi + (mi)) T+ miﬂ
+4 (Hm3) 7+ 4m3H — [(m3) + 3Hm3] (¥ — 71) — m3(¥ — )
+4 [H (m3) + 3H?*m? + Hmﬂ U +4(m3)d
+4m3H (3H7 + U + 30) + 4m3d = op,,
(95/06 =0): (1.157)

M2[f(¥ — @) + fr] +2 [m47r+m4H7r+ (m3) } +2m3(0 —7) =0

1.6.8 Short-wave corrections

In order to include the higher order short-wave corrections to the EFT of DE we
need to be careful. In fact, it is as simple as assuming the second order action
(1.141) and going to the higher order in Stueckelberg trick [Stueckelberg| [193§]
and considering higher order in 7 terms. Instead, we also need to write down the
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1.7. Cosmological N-body simulations

appropriate EFT action from the scratch to consider higher order contributions.
The main difficulty usually is that for some theories the corresponding action
including all the short wave corrections is not truncated automatically at some
order and we need to truncate the expansion by considering further assumptions,
like considering a cut off energy scale in the theory.

However, as it is discussed in detail in Chapter 2| for the k-essence theory
in the EFT framework, we can prove that we do not need to construct the
higher order action as the action (1.141) is enough to obtain the field equations
consistently while considering all the relevant short-wave corrections.

1.7 Cosmological N-body simulations

According to the cosmological observations at small scales the Universe occupied
by non-linear, many-body and difficult to deal structures, like galaxies, clusters
of galaxies and others. These complex structures are formed as a result of non-
linear collapse of small initial perturbations in the early Universe. The main
difficulty to deal with these structures is that the perturbation theory breaks
down at these scaled'’ and we can not use our developed tools to describe these
structures anymore. In the absence of analytical approaches, numerical N-body
simulations are the only option to deal with non-linear regime and model the
Universe at these scales.

The first numerical N-body simulation starts with Holmberg in 1941
, where he tried to solve the evolution of a 37 particle system (shown
in Fig. 1.4), and he took the advantage of similar r~2 scaling of electromag-
netic and gravitational interactions to compute the force using lightbulbs and
galvanometers. Computer N-body simulations started in the early 1960’s simu-
lating up to 100 particles (von Hoerner] [1960] and [Aarseth| [1963]) and then the
golden age of N-body simulations started in the 1980’s with the development
of fast and efficient algorithms such as the particle-mesh technique (see
ey & Eastwood| [198§]) and the tree method [Barnes & Hut] [1986] as well as
the progresses in the computer hardwares (for a historical review see
(& Eastwood| [1988], [Trenti & Hut| [200g8]). Today (2020) thanks to technology
and advanced algorithms, N-body simulations can be performed with beyond
N =~ 10" particles.

Apart from helping us to explore the non-linear regime, the are several other
applications in using the cosmological N-body simulations , Bagla &
[Padmanabhan| [1997], [Bertschinger] [1998], [Hockney & Eastwood| [198§], [Stadell

|2001| :

Othe density of these structures is about 1000 times larger than the average density of the
Universe
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Fi16. 4a.—Tidal deformations corresponding to parabolic motions, clockwise rotations, and a distance of closest approach equal to
the diameters of the nebulae. The spiral arms point in the direction of the rotation.

Fi1G. 4b.—Same as above, with the exception of counterclockwise rotations. The spiral arms point in the direction opposite to

the rotation.

Figure 1.4: A figure in the original paper of Holmberg showing the interaction

of two spiral galaxies

e First, we can make predictions for non-standard cosmologies such as dif-

ferent dark matter and dark energy scenarios.

e Second, N-body simulations give us the chance to compare the results with

observations.

e Third, the simulations are helpful for testing approximate solutions and
perturbation theory at intermediate scales. Comparing the approximative
results with the true solution from the N-body simulations help us to val-
idate the approximations and to understand the range of validity of these

approximations.

e Last but not least, we can calibrate our methods for observation on mock
catalogues made using N-body simulations. For example we can test if a
method works, as in an N-body code we can extract all the details whereas
is not the case in the observation.
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1.7. Cosmological N-body simulations

1.7.1 Physical requirements

When writing an N-body code the following criteria need to be taken into account
[Adamek et al| [2016a], [Bagla] [2005], |Bagla & Padmanabhan| [1997], [Hockney &
[Eastwood] [198§], [Padmanabhan| [1996], [Stadel] [2001];

e In an N-Body simulation, the Universe should be filled with cosmologi-
cal components over large scales (much larger than the scales we want to
probe). The simulation volume should not be isolated and we need to have
access to the outside region of the volume using a method. The best so-
lution to this problem is to assume the periodic boundary conditions. In
fact, using other boundary conditions than periodic, the structure in the
simulation box will have a tendency to cluster towards the centre of the
simulation box, which results into a fake large growth rate for cosmological
perturbations.

e The best option for distributing the masses N objects is to consider equal
mass. Because having a volume dominated by one object produces a fake
dynamics as a result of the tidal force due to dominated object’s periodic
copies.

e The average density in the box should be equal to the average density of
the Universe. This means that the perturbations averaged at the scale of
the N-body box must vanish at all times. For example, in case of ACDM
we would require that the box to be large than 100 A~'Mpc in which is the
scale we have a maximally symmetric Universe.

e There is a required minimum number of particles in order to satisfy the
previous argument as well as the fact that in an N-body code we want
to probe scales that are sufficiently non-linear. For example if we want to
compare the galaxies in cosmological context, we need to have the resolu-
tion such that the individual masses are less than the mass of the smallest
object of interest. As a result the minimum number of particles we require
to have to study galaxy clustering should be|[Bagla & Padmanabhan]| [1997]:

M (100h='Mpc) 5 x 10¥M,

N > ~ ~5x 107. 1.158

- Magataxy 101 M, ( )

e Due to the limited computational power, we effectively replace a collection

of a very large number of particles in the universe by one particle in an N-

body simulation . Thus the N-body particles must interact in a collisionless
way.
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In order to integrate the equations of motion in an N-body code we need to
perform of order O (N,) operations. While to compute the force exerted on all

N, particles (summing the force over all pairs) would require of order O (NPQ)
operations. For large number of particles it can be shown that direct computation
of forces takes a long time and very fast reaches to our available computational
resources. In order to overcome the force computation problem, three different
schemes have been proposed [Bagla & Padmanabhan|[1997],[Hockney & FEastwood|
[1988], [Stadel| [2001];

e Particle Mesh (PM) scheme : The Poisson equation (Hamiltonian con-
straint) is solved in Fourier space using an appropriate numerical tech-
nique and the potential /force is computed on a fixed grid on the lattice.
To update the particles positions and velocities, the force and potentials
are interpolated to particle positions on the lattice. Then the density and
velocity fields (the source for Poisson equation) are also computed on the
same mesh(grid) by using an interpolating function from the particle posi-
tions. It is worth mentioning that the smoothing of particles over the grid
size restricts the resolution of such simulations but guarantees collisionless
evolution of N-body particles (see [Bouchet & Kandrup| [1985], [Bouchet|

T aT] (1953)).

e Particle-Particle-Particle Mesh (P3M) : This scheme introduced in
[tathiou et al| [1985] is similar to the PM scheme but it improves the PM
method by considering a correction to the force for pairs with separation
equal or smaller than the grid length. The number of operations needed
for this correction is proportional to N,n where n is the average number
of particles within cell. In this scheme for large number of particles, the
number of operations in the dense regions could become very large.

e Tree : In this scheme, the force on a particle is computed according to a
hierarchical tree, where in each level of the tree the total mass and the
position of the centre of mass is described. The force from distant particles
in the box of the simulation is approximated by the force from the centre
of mass of particles in that region. This approximation reduces the number
of operations for calculating force significantly (see [Barnes & Hut] [1986],
[Bouchet & Hernquist| [1988])

Among the previous methods the Particle-Mesh scheme has two major
advantages over the other schemes. First, It is the only method for which a
collisionless dynamics is guaranteed. Second, it has the simplest algorithm,
the fastest method and naturally appropriate for developing “relativistic”
N-body codes as one works with the fields in this scheme rather than forces.
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1.7. Cosmological N-body simulations

1.7.2 Newtonian N-body codes

In these codes the evolution of perturbations are studied in a non-relativistic
medium in an expanding background. The Newtonian N-body codes are ex-
pected to work in the Newtonian limit at scales that are much smaller than the
Hubble horizon (see|Fidler et al.| [2016] for the relativistic Interpretation of New-
tonian simulations). The equations for a set of particles interacting only through
the gravitational force can be written as

X4 2% = —— 1.V, 0y,
“ alr)? (1.159)

Vipy = 4rGa’ps = $HZO?,

where ¢y is the Newtonian gravitational potential, which is made using the
Newtonian limit of the relativistic Poisson equation (1.88)). Three well known
Newtonian N-body codes are:

RAMSES is an N-body particle mesh code that works with adaptive mesh
refinements (AMR) technique [Teyssier| [2002a]. In this code particles are evolved
on Newtonian orbits using a leapfrog method and also includes a solver to study
the evolution of baryons. The Cloud-In-Cell (CIC) scheme is used to perform
the particle-to-mesh projection and force interpolation.

GADGET In the GADGET code the gravitational forces are computed with
a hierarchical tree algorithm, also a particle-mesh scheme for long-range gravi-
tational forces is available. Both the force and the time stepping in GADGET

code are adaptive [Springel] [2005].

PKDGRAV PKDGRAV is a tree based simulation code that
constructs a k -d tree. In PKDGRAV3 the Fast Multipole Method in conjunction
with individual and adaptive particle time steps are used on supercomputers with
GPU-accelerated nodes [Potter et al|[2016].

1.7.3 Relativistic N-body codes

The N-body simulations we mentioned in the previous subsection use Newton’s
law of gravitation to evolve the particles. An important question that arises
about these simulations is that whether and how much the Newtonian approx-
imation is valid considering the high precision we need in current era of cos-
mology. It turn out that the Newtonian limit works comparatively well in the
ACDM model if we neglect radiation in the late time Universe and assume that
there is only non-relativistic matter as the source of perturbations. However,
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a Newtonian scheme is not appropriate for considering the relativistic sources
especially at scales near the Hubble horizon and also is not compatible with the
presence of radiation which might have a small effect on the evolution of cos-
mic structure (see [Adamek et al| [2016a], [Adamek et al| [2016¢], [Adamek et al.|
for detailed discussion).

In addition, the Newtonian N-body simulations are not naturally appropriate
for considering non-standard dark energy/modified gravity scenarios, as a result
some approximations has to be made in the Newtonian schemes in order to
implement non-standard scenarios mainly because of the fact that dark energy
opposed to dark matter and baryons is not dominated completely by its rest-mass
density and thus requires a relativistic treatment.

gevolution is a relativistic N-body code was developed based on the Particle-
Mesh scheme. In this code, the continuous fields e.g., the metric perturbations
or the stress-energy tensor components are discretized on the lattice grids. The
relativistic partial differential equations are solved numerically on the lattice
grids using the finite-difference method. While the fields are defined on the lat-
tice grids the positions and momenta of N-body particles can have arbitrary
values. The values of the fields and the distribution of the particles should be
consistent as they depend on each other according to the projection and interpo-
lation procedures (see [Adamek et al] [2020a] for a discussion about comparison
between different relativistic N-body codes and their numerical solution to the
fields equations).

k-evolution As a first step toward the goal of implementing the full EFT of
DE in gevolution we have developed the k-evolution code [Hassani et al.| [2019¢]
which is represented completely in Chapter 2. In k-evolution we have added a
k-essence scalar field expressed in the EFT framework. In the Fig. 1.5 the main
loop of k-evolution is illustrated.
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k-essence
stress tensor
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Particle to Einstein field
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-

Figure 1.5: The schematic picture showing the main loop of k-evolution code.
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N-BODY CODE FOR CLUSTERING
DARK ENERGY

Based on:

[Hassani et al| [2019a] Farbod Hassani(Geneva U., Dept. Theor. Phys.), Julian
Adamek (Queen Mary, U. of London), Martin Kunz (Geneva U., Dept. Theor.
Phys.), Filippo Vernizzi (IPhT, Saclay)

k-evolution: a relativistic N-body code for clustering dark energy, JCAP 12 (2019)
011, [arXiv: 1910.01104 |
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Chapter 2. k-evolution: a relativistic N-body code for clustering dark energy

Abstract: We introduce k-evolution, a relativistic N-body code based on
gevolution, which includes clustering dark energy among its cosmological com-
ponents. To describe dark energy, we use the effective field theory approach. In
particular, we focus on k-essence with a speed of sound much smaller than unity
but we lay down the basis to extend the code to other dark energy and modified
gravity models. We develop the formalism including dark energy non-linearities
but, as a first step, we implement the equations in the code after dropping non-
linear self-coupling in the k-essence field. In this simplified setup, we compare
k-evolution simulations with those of CLASS and gevolution 1.2, showing the ef-
fect of dark matter and gravitational non-linearities on the power spectrum of
dark matter, of dark energy and of the gravitational potential. Moreover, we
compare k-evolution to Newtonian N-body simulations with back-scaled initial
conditions and study how dark energy clustering affects massive halos.

2.1 Introduction

The physical reason for the observed acceleration of the Universe
[1998a] is one of the most important mysteries in cosmology, and arguably gen-
erally in fundamental physics. Although cosmology has been revolutionised by
the arrival of high quality observations that have allowed to pin down many
parameters of the standard model [Planck Collaboration et al| [2018], the dark
sector is still compatible with a cosmological constant and collisionless cold dark
matter. This is one motivation for the next generation of large galaxy surveys
like [Amendola et al| [2016], [Santos et al] [2015b] that will observe billions of
galaxies to provide galaxy number counts and weak lensing measurements.

But much of this data will probe scales that are mildly or strongly non-
linear, a regime that is not well modelled even for the Lambda-cold-dark matter
(ACDM) standard model Jalilvand et al] [2020]. In this paper we start a system-
atic study of the effects of dark energy on cosmological structure formation in the
non-linear regime. We will do so by implementing dark energy in the relativistic
N-body simulation code gevolution|Adamek et al|[2016a[,|[Adamek et al.|[2016b].
The gevolution code works in the weak field limit of General Relativity (GR),
which makes it easy to include additional relativistic fields. To model dark en-
ergy theories, we will use the Effective Field Theory of dark energy (EFT of DE)
approach (see e.g. |(Gubitosi et al| [2013a] and references below; see also
fet al|[2018b], [Frusciante & Papadomanolakis| [2017] for studies of the non-linear
action in the EFT of DE approach and [Cusin et al| [2018a] for an application to
perturbation theory beyond linear order). The EFT of DE allows one to describe,
in a relativistic setting and with a minimal set of parameters, very general dark
energy and modified gravity models based on a single scalar degree of freedom.
The use of gevolution allows to combine both the EFT of DE and the weak field
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expansion systematically, paving the way for N-body simulations of a wide class
of dark energy and modified gravity models.

In this first paper we illustrate the approach specifically with the example of k-
essence [Armendariz-Picon et al.|[2000} [2001]. After a brief reminder of the basics
of the EFT of DE framework in Sec. 2.2, we derive the relevant equations (with
more details given in App.2.A)) and briefly discuss their practical implementation
in our new code, k-evolution. We refer the reader to App. 2.B| for more details
on the numerical implementation of the dark energy equations and to App. [2.C
for a discussion on gauge issues when comparing with linear codes and setting
the initial conditions.

Then, in Sec. [2.3| we present a detailed analysis of the power spectra computed
with k-evolution and compare the spectra to those obtained with other numerical
codes. In Sec. 2.4 we examine snapshots of the dark energy simulations computed
with k-evolution with particular attention to the environment of massive clusters.
Finally, we conclude in Sec. [2.5.

Due to its complexity, the full non-linear treatment of the dark energy pertur-
bation equations requires a dedicated study that will be addressed in a separate
publication. (See however App. [2.D| where we study the evolution of non-linear
perturbations in the limit of small speed of sound and in matter domination.) In
this paper we limit the simulations to the linear k-essence equations, although
these equations are coupled to the non-linear clustering of the dark matter, which
can in turn lead to non-linear clustering of the dark energy. This approach will be
called k-evolution in the following. We compare it to the fully linear treatment
implemented in version 1.2 of gevolution'|that uses a realisation of the linear fluid
transfer functions from CLASS [Blas et al|[2011a] in the w-c2-parametrisation and
is presented here for the first time, as well as to a standard N-body simulation
where only the background evolution is changed according to the equation of
state w, without allowing for perturbations in the dark energy.

2.2 The EFT of k-essence

In this section we introduce the effective field theory description of dark energy
and we derive the relevant equations for its implementation in gevolution. We
assume that matter — the dark matter and the Standard Model particles — is
minimally coupled to the gravitational metric g,,. Moreover, as explained in the
introduction, we consider theories with a preferred time-slicing induced by the
evolution of a scalar field and we focus on operators describing general scalar-
field Lagrangians that can be constructed out of the field value ¢ and its first
derivatives contracted with g,,, i.e., X = ¢"”0,00,¢. In the covariant language,

'https://github.com/gevolution-code/gevolution-1.2.git
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the action describing this class of theories is

Soe = [ d'zy/=gP(X.0) (2.)

which is also known as k-essence [Armendariz-Picon et al.| [2000} [2001].

2.2.1 The action and the homogeneous equations

To describe the dark energy fluctuations we adopt the EFT of DE description
m [2013], Bloomfield et al] [2013], [Creminelli et al] [2009], [Gleyzes et al]
2013], [Gubitosi et al] [2013a] (see also [Frusciante & Perenon| [2020], [Gleyzes
et al] 2015], [Piazza & Vernizzi [2013], [Tsujikawa] [2015] for reviews; for other
effective relativistic approaches, see for instance [Baker et al] [2011] 2013], [Battye]
[& Pearson| [2012], [Bellini & Sawicki| [2014], [Lagos et al.|[2016]), which is partic-
ularly convenient for studying fluctuations around cosmological FRW solutions
with a preferred slicing induced by the time-dependent background scalar field.
In the unitary gauge, where the time coincides with uniform-field hypersurfaces,
the EFT action expanded around a spatially flat background reads
[2008], [Creminelli et al.| [2009]

S = /d4x\/—_g []\?13 —A(t) = c(t)g™ + Mi@) (5g0°)2 T, ] . (2.2)

where R is the four-dimensional Ricci scalar, A(t), c(t), and Mj(t) are time-
dependent functions and 6¢ is the perturbation of ¢°° around its homogeneous
value. The ellipsis stands for terms that are of higher order in the fluctuations
5g%. These terms can be ignored because they are negligible in the weak-field
expansion adopted by gevolution (see e.g. Refs. [Cusin et al.| [2018b] for details).
We will come back to this point at the beginning of Sec. [2.2.3|

The functions A(t) and c¢(t) are not independent; they can be expressed in
terms of the background expansion and matter quantities through the homoge-
nous Friedmann equations. Varying the action with respect to the homogenous
lapse N(t) and the scale factor a(t), appearing in the homogenous metric as

ds?* = —N2(t)dt* + a*(t)d7?, we obtain

C.Lz;H?—#( +c+ A7) (2.3)
a2_ _37‘&2)1 Pm c ) .
a : : 1

- = m m + 4c — A4
» H+H” = ~5 Pl(p + 3pm + 4c — 2A) | (2.4)

where p,, and py,, are respectively the homogeneous matter energy density and
pressure.
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2.2. The EFT of k-essence

The stress-energy tensor of dark energy can be computed from the above
action as

2 0S8
Ty = — =2 (2.5)
V=g 69"
where Spg is the action without the Einstein-Hilbert term. In unitary gauge one
finds

M4
T =—|A+ cg® — 72((5g00)2 Guv + 2(c — M§5goo)(5258 ) (2.6)
The homogeneous part of the stress-energy tensor is obtained by taking ¢%° = —1

and 6¢%° = 0 in the above expression. Rewriting its components in terms of the
homogeneous energy density ppg(t) and pressure ppg(t) of the dark energy, using
Too = pDE(t) and ﬂj = 52‘jpDE(t>7 we obtain

1

cft) = 3 lpou() +pos()] . A = 5 loos(t) ~ poe(®)] . (27)

which is consistent with the Friedmann equations above. Moreover, using these
expressions, taking the derivative with respect to time of Eq. (2.3) and using
Eq. (2.4) we can also check that the Friedmann equations are consistent with the
homogeneous continuity equation for dark energy, i.e.,

poe + 3H (ppe + poe) =0, (2.8)

as expected. From Eq. (2.7), this implies that ¢ and A satisfy ¢ + A+ 6He=0.

2.2.2 Stiickelberg trick to conformal time

To study the cosmological perturbations in this setup, it is convenient to adopt
a gauge where the perturbations of the scalar field are explicit. We can restore
diffeomorphism invariance of the action by the Stiickelberg trick [Cheung et al)
[2008], |Gleyzes et al| [2013], i.e., by performing a time-diffeomorphism

t—st=t+&t1), TFToi=41, (2.9)

and promoting the parameter £° to a field. In the following, however, instead of
using cosmic time ¢ we will present the evolution equations with the conformal
time 7, which is related to ¢ by n = [dt/a(t). For this reason, instead of defining
the Goldstone boson of broken time diffeomorphisms 7 as the parameter of the
time diffeomorphism £° [Cheung et al|[2008], we will adopt a definition adapted
to the conformal time 7. In particular, we will define 7 as £° divided by the scale
factor, i.e.,

m(t,7) = &(t, %) /a(t) . (2.10)
We can now compute how the quantities in the action (2.2) change under
the time-transformation above, paying attention to expressing the cosmic time
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quantities in terms of conformal time. The Ricci scalar does not change under
the transformation (2.9), while ¢g* transforms as

_ 0i(n, @) 0t(n, T)

9 (8, 7) = §(E(0,2),7) = DD g (1(n) 7)
_ 2t + alodon D) D1ta) + a8 )
(2.11)

which gives
g (t, %) = §O(t, ) = a[(1+Hm)%g™ +2(1 + Hr) g™ 07 + g Dy , (2.12)

where the untilded metric on the right-hand side is the one in conformal time.
Any function of time, instead, transforms as

£ = f(En,2)) = f (t) + a(n)m(n, 7))

= )+ £y, ©) + 3 [F7(n) — MO P )] I, B0+
(2.13)

where H = d’/a is the conformal Hubble rate. Applying these transformations
to the action (2.2), we can derive the fully covariant action,

S= /d‘*fc\/—_g{MflR — Aft(n) + a(n)w] — c[t(n) + a(n)w] a®(n) [ (1 + Hr)?g™

M; [t(n) + a(n)n]
9

+2(1 + Hr)g* 0w + 9" 0um0,m| +

2
x a*(n) {(1 + Hm)?g" + 2(1 + Hr) g% 0,7 + " 0, w0, — QOO} } :
(2.14)
where we have used that the Ricci scalar R does not transform, and in the last
term we have introduced g%, the background value of g%, i.e., g% = —1/a?

Finally, using the definition (2.5), we can write the expression of the stress-
energy tensor, which reads

Tw= — {A (t +arm) +c(t + ar) a® {(1 + Hm)2g" + 2(1 + Hr)g% 0,7 + g”c?,,w@aw}
My (t 2
B WGZL [(1 +H)?g® 4+ 2(1 + HW)QOpapW + 97 0pmOsm — QOO] }glw

+2[(1 + H)?6080 + 2(1 + Hm)),0,)7 + 0,0, 7] {c (t + am) @?

— My (t + ar) a* {(1 + Hm)?g" + 2(1 + Hrm) g% 0,7 + g*° w0, — goo} } :
(2.15)
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This expression is fully nonlinear and can be expanded at any given order in
perturbations. In deriving it, we only assumed that higher powers of 6¢g" in the
action (2.2) are negligible in the weak field limit, which we justify below.

2.2.3 Perturbations

To study the perturbations, we will use the Poisson gauge, where the metric
reads

ds* = a*(n) [—62\11(1772 — 2B;dz'dt + (e 2%8;; + hij)d:z;idacj} : (2.16)

where 670, B; = 0 and §Yh;; = 0 = §0;hx.

In gevolution it is assumed that the metric perturbations remain small at the
scales of interest. This is implemented by defining a small parameter €, such
that ®, U, B; and h;; are at most of order O(¢e). For non-relativistic sources,
time derivatives are of order Hubble and do not change the order of a term
in the expansion. Instead, each spatial derivative lowers the order of a given
term by one half, so that for instance 9;® ~ O(¢'/?) and V2® ~ O(e"), where
V? = §%0;0; defines the Laplacian. We refer the reader to Refs. [Adamek et al
, for details.

The Einstein-Hilbert term in the action (2.2) contains at least two spatial
derivatives of the metric so that the order of this term is n — 1, where n is
the order of the expansion in metric perturbations. For instance, in gevolution
one expands the Einstein tensor up to second order in the metric perturbations,
which for the terms containing two spatial derivatives corresponds to going at
most at order O(e) in the equations of motion. The Einstein tensor up to this
order can be obtained by varying the Einstein-Hilbert term expanded up to order
O(e?). To be coherent with this scheme, we have to keep all the terms in the
action that contribute at most to O(€?).

To evaluate the order of an operator in the EFT of DE action, we need
to look at the scalar field perturbation 7. On large scales, linear cosmological
perturbation theory is recovered. In this case 7 is of the same order as the metric
perturbations. In particular, using the scaling above we have

m~Ole), o ~ O(Y?) Vi ~ O() . (2.17)

For instance, this means that we need to expand the operator A up to second
order in 7 using Eq. (2.13). Moreover, by Eq. (2.12) d¢% is at least of order O(e),
which implies that any operators of order higher that (6¢g°°)? can be neglected,
which justifies truncating the action (2.2) at this order.

We can now discuss the field equations. Variation of the action with respect
to 7 gives the evolution equation for the perturbation of the scalar field. For
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later purposes, it is convenient to introduce the variable
(=n'+Hr -1, (2.18)

and express the first and second time-derivative of 7 in terms of ¢ and {’. Using
the conservation equation (2.8)), which in terms of the conformal time reads

ph=-3H(p+p), (2.19)
by varying the action we obtain the following system of coupled equations:
T=C—Hr+V, (2.20)
(=3 +s5)HC -3¢ (7—[27r —HY —H'r — <I>') + Vi

—V[2A2 - 1)¢+ 20— U] Vr = [(2 = 1) + 2P — V| VPr

— 7; [(2 +32 4+ +5)(Vr)? +6¢2(1 + ci)WVQW] +

2
c;—1

0; (Om(Vm)?)
(2.21)

where we have introduced the speed of propagation squared of dark energy fluctu-

ations, c?, its rate of change, s, and the adiabatic speed of sound squared (which

generally differs from the speed of propagation) 2. These are respectively defined
2

as

R 5= ()’ = pr = M= (2.22)
S e+ 2MY M’ “ o 4N '

where for the last equality we have used Eq. (2.7)). Notice that ¢ can be related to
the time derivative of the equation of state w = p/p by w’' = —3H (1 +w)(c? —w)
so that w and ¢? completely characterize the model.

Let us pause to comment on these equations. First, all the terms are of order
O(€), with the exception of V?7. This term is O(1) in our perturbative scheme.
But this term generates the pressure support within the sound-horizon of the
scalar field, and leads to wave-like behaviour, not a growth of perturbations. For
this reason it does not change the order of 7 which is an O(e) quantity. The
other terms are all small; as an example we can consider the last term. It involves
three fields 7 (so it is of order 3 in the standard perturbation-theory expansion),
and since it contains four spatial derivatives its order is 3 —4/2 = 1. Second, the
equations are at most of order three in the perturbations, which is a consequence
of the fact that we are considering only theories with at most one derivative per
field in the action so that one pays at least an O(¢'/?) for each new order in
the perturbations. Third, the limit of ¢2 — 1, obtained by sending My — 0, is

2 The covariant k-essence action, Eq. (2.1), implies that |Bonvin et al.l MQOOGM w = ﬁ
P x ’

and ¢ = P TP where we have denoted the symbol of partial derivation by a comma.
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2.2. The EFT of k-essence

well defined. In this case the last cubic term vanishes but this is to be expected
because it can only come from the operator M in the action (2.2). Also the
limit ¢ — 0 (obtained for My > c¢) is well defined; we will come back to it at
the end of the section.

Let us turn now to the stress-energy tensor of dark energy. Expanding
Eq. (2.15) using the Poisson metric (2.16) one obtains

2 - —
- 2082 1(Vﬂ)2] )

p+p
c

TY = —p+

Fﬁ%ﬂ—(

2
c; —1
2
2cs

1
) =—(p+p) [1 -5 <3c§(1 +w)Hr —(+ ci@) +

s

(ﬁwP]@w,(zzm

. , 1 = ; ;
Ti = p6: — (p+p) [3037{7? —(+ 2(VW)Q] 8+ (p+ p)d*opmo;m

where we have used the homogeneous continuity equation and we have expanded
79 and T/ up to order O(¢) and T¢ up to order O(€%/?).

The latter is expanded to higher order than T and Tij because its divergence,
which is O(e), appears as the source in the continuity equation. As shown in
Appendix 2.A] Egs. (5.1) and (5.2) are equivalent to the conservation equation
V,.T# = 0 of the stress-energy tensor above. Note that in the limit ¢ — 0 the
components T and T? seem to blow up due to the 1/c? term. However, one
can show that the brackets on the right-hand side of these expressions vanish at
leading order in ¢?, so that the stress-energy tensor remains finite. We discuss
this in more detail in the case of matter domination in App. [2.Dl

We also note that when linearized, the stress-energy tensor is purely scalar.
The higher-order terms do not preserve this property, but the resulting vector
and tensor type contributions will be small. For this reason we do not expect
scalar dark energy to lead to significantly larger vector and tensor perturba-
tions than ACDM. The dark energy stress-energy tensor must be inserted in
the Einstein equations (obtained from the variation of Eq. (2.2) with respect to
the metric), together with the stress-energy tensors of the other species. The
Einstein equations in the weak field approximation are

1 ...
O+2¢Rﬁ®—3%@—3%%@—x)—Qw&é@Q:r%MGfﬂg, (2.24)

2
Viy — (35ik5jl8£8xl — 6"7V2> O,P ;= ArGa? (35““

62
OxiOxk

— 5;v2> T/,

(2.25)
where V4 = §% 5kl8i8j8k8l and the stress tensor Ty includes the relevant species
including matter and dark energy, y = ® — ¥, and the transverse projection
tensor is defined as,
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Chapter 2. k-evolution: a relativistic N-body code for clustering dark energy

Here we do not discuss the equations for vector and tensor perturbations, as we
are not going to study them in this paper.

2.2.4 Implementation

In this work, we remove the non-linear terms in the 7 evolution equations and
stress-energy tensor. Due to their complexity, we are going to study the non-
linear self-interaction of dark energy in detail in a separate work. It is interesting
to note that although we have removed the 7 non-linear self-interaction, the
energy density of the scalar field nonetheless becomes non-linear as it is sourced
by matter going non-linear. For the sake of simplicity, we also assume that both
w and ¢? are constant, which implies

s=0, A =w. (2.27)
Theoretically, this is not well motivated but it would not be difficult to include the
time-evolution of w and ¢?. However, since there are no especially well-motivated
models in any case, we prefer to consider here only the simplest scenario.

When we neglect the non-linear terms, the 7 evolution equations (5.1)) and
(5.2) read

o =(-Hr+ ¥, (2.28)
¢ =3wH¢ - 3c2 (M — MY — H'm — &) + 2V’ | (2.29)
and the linear stress tensor becomes
70 = — +ptp<3c§7-[ —g),
CS
T} = —(p+p)oir (2.30)

A detailed description of the numerical implementation can be found in Appendix
2.B.

2.3 Numerical results for power spectra

In this section we compare the power spectra from k-evolution with the linear
perturbation solutions from CLASS|Lesgourgues|[2011] and with the power spectra
computed with gevolution 1.2 using the CLASS interface to include dark energy.
For both cases we consider two different speeds of sound: ¢ = 1077 and ¢ =
107, We also test the effects that arise when trying to simulate a different
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2.3. Numerical results for power spectra

h Ng A Oh? Qcpmh? Opg Tems[K] N, w

0.67556 | 0.9619 | 2.215 x 1072 | 0.02203 | 0.12038 | 0.68786 2.7255 3.046 | -0.9

Table 2.1: Values of the cosmological parameters used in this paper. In particu-
lar, n, and A, are respectively the spectral index and amplitude of the primordial
scalar fluctuations; €2y, Qcpy and Clpg are the critical densities, respectively of
baryons, CDM and dark energy; h = Hy/(100 Km s~*Mpc ™) is the reduced Hub-
ble constant; N, is the Standard Model effective number of neutrino species while

w is the equation of state of dark energy. We also consider pivot wavenumber
k, = 0.05 Mpc™'.

expansion history in a Newtonian simulation without including a dark energy
fluid at all.

We always combine two simulations with sizes L = 9000 Mpc/h and L =
1280 Mpc/h, both with a grid of size Ngiq = 3840°. All the results in this
section have been obtained using the cosmological parameters shown in Tab. 8.1.

In Fig. 2.1] we illustrate the conceptual difference between the three codes
we use in this section: In k-evolution matter and gravitational potentials are
treated non-linearly? and act as a source for the linearized dark energy equations
so that the dark energy contains non-linear contributions as well. This is con-
sistently taken into account when dark energy density sources the gravitational
potential. In gevolution the dark energy density is approximated by its linear
solution computed with CLASS and is therefore not sourced by the non-linearities
of matter. However, the gravitational potentials are sourced by this linear dark
energy density, and matter evolves accordingly. Finally, in CLASS all the fields
are linearized and all species source each other.

3With non-linear gravitational potentials we do not mean that they become large, but that
they are different from the linear predictions especially for large wave numbers. However, they
still remain small and respect the weak-field approximation.
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k-evolution gevolution CLASS
non-linear non-linear linear
Om, @, @ O, @, P Om, ©, P
linear + non-linear linear linear
5DE 5DE 5DE

Figure 2.1: Schematic description of the three different codes used in this work,
where the blue arrows show if one component sources the other. On the left,
the two blue arrows going from non-linear matter and potentials to dpg, and
vice-versa, show that in k-evolution all the components interact and source each
other. Although we have used the density of linearized dark energy, its solution
becomes non-linear since it is sourced by other species. In gevolution the matter
and potentials become non-linear and are sourced by linear dark energy density,
while dpg is computed with CLASS. In CLASS all the components are linear and
interact with each other.

2.3.1 k-evolution versus CLASS

We start by comparing k-evolution with the linear Boltzmann code CLASS. In
CLASS code, one can extend the matter power spectrum beyond the linear regime
by the use of Halofit [Takahashi et al| [2012]. However, one should remember
that Halofit is calibrated to simulations without clustering dark energy. In the
following we will use CLASS both with and without the use of Halofit. The power
spectrum of a given quantity X is defined by

A A =

(X(B)X(K)) = (27)38(k + k) Px (k) , (2.31)

where X (k) is the Fourier transform of X. The dimensionless power spectrum
is defined by
k3
Ax(k) = ﬁPX(k) : (2.32)
T
In Fig. 2.2 we show the matter power spectrum. The onset of non-linear
structure formation is clearly visible on scales k > 0.1h/Mpc, where the relative
difference between the linear and non-linear power spectra changes sign. On very
large scales, k-evolution agrees with CLASS at the percent-level for all redshifts,
but at intermediate scales and at low redshifts the difference increases to about
5%. We will see in Sec. 2.3.2, where we compare our results from k-evolution
with gevolution, that the agreement there at low redshifts is much better, which
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Figure 2.2: The top panel shows the matter power spectra from k-evolution
and CLASS at different redshifts for ¢ = 1077. The bottom panel shows the
relative difference between the matter power spectra of CLASS-Halofit and those
of CLASS-k-evolution. The relative difference increases in the quasi-linear regime
and for z = 0 reaches ~ —5% at its peak for CLASS-k-evolution and ~ —2% for
CLASS-Halofit, while at high wavenumbers the non-linearity dominates. Notice
that the vertical axis of the bottom panel is logarithmic above 0.05 and linear
below.
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means that the relative difference here comes from the effect of non-linearities at
quasi-linear scales. Here we only plot the results for ¢ = 1077 as we will show in
Sec. [2.3.2 that the effect of dark energy clustering on the matter power spectrum
is negligible so that this plot would look the same for other values of ¢2.

The power spectrum from CLASS extended beyond the linear regime using
Halofit exhibits similar features as the one from k-evolution, particularly in the
quasi-linear regime: the spectra of both k-evolution and Halofit are slightly sup-
pressed relative to the linear power spectrum due to non-linearities®. For Halofit
the differences reach ~ —2%, not quite in agreement with the k-evolution result,
which may be due to the fact that Halofit is not calibrated for such models.

The situation is similar for the gravitational potential shown in Fig. 2.3, where
again we observe the onset of non-linearity at k£ > 0.1h/Mpc, as well as a scale
dependent difference at intermediate scales where the linear power spectrum is
larger than the non-linear one. Again, the ® power spectra for the two speeds of
sound are only slightly different, so that we only show the results for ¢ = 1077
and we will study the effect of the dark energy speed of sound on the gravitational
potential in detail by comparing the potential power spectrum from k-evolution
with gevolution in Sec. 2.3.2].

The dark energy density power spectra at different redshifts, for ¢? = 1074
and ¢ = 1077, are shown in Fig. 2.4. The vertical lines indicate the sound-
horizon of dark energy, which roughly corresponds to the peak of the linear
dark energy density power spectrum, since on scales smaller than the sound-
horizon the perturbations decay while on scales larger than the sound-horizon the
perturbations grow. As a result, the density power spectrum of dark energy for
¢? = 107" is much higher than the same quantity for ¢ = 10™*: the sound-horizon
for ¢2 = 1077 corresponds to much smaller scales and we have an enhancement
of perturbations on scales larger than the sound-horizon. For this reason, the
non-linear dark energy clustering is much clearer for the simulation with smaller
speed of sound. But the enhancement is also present for ¢ = 107%. The peak of
the dark energy power spectrum is also affected by non-linearities: for example,
in the case ¢2 = 1077 the peak of the dark energy density power spectrum at
redshift z = 0 is shifted to smaller scales.

In Fig. 2.5, the m power spectra at different redshifts from k-evolution and
CLASS for the two speeds of sound are compared. A, has units of [Mpc?/h?|,
multiplying by k% makes it dimensionless. It is important to note that one can
obtain the Opg spectrum from the 7 spectrum by using 7(k,2) = 0(k,z2)/k?
according to Eq. (2.21)). For both speeds of sound, the dark energy scalar field
fluctuations 7 or equivalently the dark energy velocity divergence #pg becomes

4This comes from the fact that in the one-loop contribution to the matter power spectrum
in standard perturbation theory, i.e., P53 T + P3F'T the term PSFT is always negative and is
the dominant term at large and quasi-linear scales, up to ~ 0.1h/Mpc, while at smaller scales

P5PT becomes the dominant term [Jalilvand et al| [2020].
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Figure 2.3: Comparison of the power spectra of the gravitational potential ®
computed with k-evolution (solid lines) and CLASS (dashed lines), for ¢ = 107".
At the top, we show the power spectra at different redshifts and at the bottom
their relative difference. On intermediate scales, the power spectra computed
with k-evolution are suppressed compared to those of CLASS, while the situation

is reversed in the non-linear regime, for k > 0.1h/Mps.

63



Chapter 2. k-evolution: a relativistic N-body code for clustering dark energy

c2=10"" c2=10"*
1073 — k-evolution :t?:zzi\ — 2=50.0 1072
—.—- CLASS \\\\ \ — z=10.0
- — z=6.0 104
N, — z=1.0
N — z=0.0

1073

A
\
\}/

/ 1076
/
/ 1077
1078
10°°
-10 -10
10 1072 1071 100 1072 1071 100 10
k[h/Mpc] k[h/Mpc]

Figure 2.4: Comparison of the dark energy density power spectra from k-
evolution (solid lines) and from CLASS (dashed lines) at different redshifts, for
two different speeds of sound, ¢? = 1077 (left-panel) and ¢? = 10~* (right-panel).
The vertical dashed lines show the value of the dark energy sound-horizon at
each redshift, using the same color as the corresponding power spectrum. The
turn-around in the power spectra takes place inside the sound-horizon. Its exact
position is affected by dark matter non-linearities, as one can see comparing the
case ¢ = 107, where the turn-around happens on linear scales, and the case
¢ = 1077, where the turn-around takes place in the non-linear regime. Notice
also that, as for the matter power spectrum, in the linear and quasi-linear regime
at z = 0, the non-linear dark energy power spectrum is smaller than the linear
one.
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Figure 2.5: Comparison of m power spectra at different redshifts from k-evolution
(solid lines) and CLASS (dashed lines), for ¢2 = 10™* (right-panel) and ¢2 = 107
(left-panel). A, has units of Mpc?/h?; multiplying it by &£* makes it dimension-
less. The vertical dashed lines show the value of the dark energy sound-horizon
at each redshift. The dark energy velocity divergence power spectrum, Ag_ ., is
simply given by k*A,.
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Figure 2.6: Comparison of the ratio between dark energy and matter power
spectra from CLASS and k-evolution for two speeds of sound, ¢ = 107* (right
panel) and ¢ = 1077 (left panel), at different redshifts. For ¢? = 107*, the
sound-horizon is at about the scale of matter non-linearity and the result from
k-evolution agrees well with the one from CLASS. For ¢ = 1077, the sound-
horizon is smaller than the matter non-linearity scale and we observe significant
differences between the k-evolution and CLASS results, due to the matter and
dark energy clustering, which are absent in the linear theory. The upturn visible
in the ratio on large scales for z = 50 is a gauge effect on horizon scales.

non-linear due to the matter non-linearities and decays inside the sound-horizon
scale.

Figure shows the ratio between the dark energy and matter power spectra
at different redshifts, for both speeds of sound ¢ = 107* and ¢? = 107", In the
case ¢2 = 10™*, k-evolution and CLASS agree well, which shows that the non-
linearity in dark energy and matter are roughly proportional. On the other
hand, in the case ¢ = 1077 we see a large difference between CLASS and k-
evolution because the dark energy sound-horizon lies inside the scale of matter
non-linearity. Here, the ratio Ppg/P,, is more suppressed in k-evolution than
in CLASS, as the matter non-linearity is more effective than dark energy non-
linearity, while inside the sound-horizon (on the very right of the left-hand panel,
for redshifts, z = 0 and z = 1) we see the k-evolution result becoming larger than
the one of CLASS, due to the effective clustering of dark energy at those scales.
A more detailed study of the power ratio can be found in a companion paper
[Hassani et al| [2020(].
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2.3.2 k-evolution versus gevolution 1.2 using its CLASS in-
terface

Relativistic components that only couple gravitationally to dark matter cluster
weakly. It is then a good approximation to describe them using their linear
solution. For instance, in N-body simulations one can simply include a reali-
sation of the linear density field of such components in the computation of the
gravitational potentials. To this end, one first computes the respective linear
transfer functions using an Einstein-Boltzmann solver, and then lays down per-
turbations matching to the random amplitudes and phases that where used as
initial data for the simulation. The correct coupled evolution of dark matter
and the additional components is recovered at linear order by construction, and
whenever the non-linear growth in the dark matter is completely dominated by
its self-gravity one can obtain very accurate results even deep in the non-linear
regime. This method has been successfully employed for treating the effect of
neutrinos [Adamek et al] [2017h], Brandbyge & Hannestad [2009] or radiation
[Adamek et al| [2017a], [Brandbyge et al] [2017] on dark matter clustering, and
has been extended to dark energy fluids in the current version 1.2 of gevolution. A
conceptually similar implementation has been recently presented in
o)

As opposed to k-evolution, this method does not allow to track the response
of dark energy to the gravitational potentials of non-linear matter structures, as
illustrated in Fig. [2.1. This effect is expected to be relevant in particular for low
effective speed of sound of the fluid, i.e., when the clustering of the dark energy
is not strongly suppressed. In this section we study the non-linear matter power
spectrum obtained with both methods, which allows us to quantify the accuracy
of the simplified linear treatment as implemented in gevolution. We demonstrate
that the matter power spectra agree extremely well on all scales and at all times,
but find some noticeable corrections to the gravitational potential at baryon
acoustic oscillations (BAO) scales once dark energy dominates.

The matter power spectrum from k-evolution and gevolution at different red-
shifts are compared in Fig. 2.7 for ¢ = 1077, where we find a sub-percent agree-
ment on all scales and at all redshifts between the two matter power spectra.
For the higher value ¢ = 107* (not plotted in this figure) the agreement is even
better. We conclude that there is no significant impact of non-linear dark en-
ergy fluctuations on the matter spectrum, once non-linear matter clustering is
correctly taken into account.

In Fig. 2.8 the gravitational potential power spectra from k-evolution and
gevolution at different redshifts for the speed of sound ¢? = 10~ are compared.
Interestingly, the dark energy clustering affects the gravitational potential power
spectrum in the mildly non-linear regime, with up to ~ 4% differences appearing
at z = 0. This effect could potentially change the lensing signal if the universe
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Figure 2.7: At the top, comparison of the matter power spectra from k-evolution
and gevolution at different redshifts, for ¢2 = 107". At the bottom, relative differ-
ence between the two power spectra at each redshift is shown. The figure shows

that the effect of non-linearity of dark energy on the matter power spectrum is
negligible.
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Figure 2.8: In the top panel, the potential power spectra from k-evolution and
gevolution at three different redshifts are shown and in the bottom panel the
relative difference between the power spectra at the same redshifts are plotted.

The dark energy clustering changes the potential power spectrum by up to ~ 4%
at mildly linear scales at z = 0.
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contains k-essence as a dark energy fluid.

The power spectra of the dimensionless quantity ®'/H from k-evolution and
gevolution, compared to the linear prediction from CLASS are shown in the top
panel of Fig. 2.9. This is an interesting quantity as it is a direct source of dark
energy already at linear order, as can be seen in Eq. (5.2). According to Fig.
2.9, the scale of non-linearity in the &’ power spectrum starts at ~ 0.005 h/Mpc,
much earlier than the scale of non-linearity in the matter and potential power
spectra, which at z = 0 is ~ 0.1 h/Mpc. This effect is not specific to k-essence
models, it has also been observed for ACDM in [Cai et al| [2009af, where it
was studied as non-linear integrated Sachs—Wolfe (ISW) effect. Interestingly,
this effect adds a new scale into the dynamics of 7, in addition to the sound-
horizon scale and the scale of matter non-linearity. Comparing k-evolution and
gevolution, there is a ~ 3% effect due to the clustering of dark energy at large
and quasi-linear scales for both values of ¢2. Moreover, there is ~ 5% bump
due to the dark energy clustering at quasi-linear scales for the case ¢> = 1077,
which peaks around k& = 0.4 h/Mpc. These changes in @', and especially the
large difference relative to the linear predictions, even at low k, could potentially
affect the ISW effect.

We define the normalized cross power spectrum between matter and dark
energy as

ADE><m

Ay JAA (2.33)
where Apg and A, are respectively the dark energy and the matter power
spectrum while Apgym is their cross spectrum. This quantifies the correlation
between the clustering of matter and dark energy. Figure 2.10, compares this
quantity computed with k-evolution and gevolution. In particular, it shows the
cross-spectra at different redshifts, for ¢2 = 10™* (right panel) and ¢ = 1077
(left panel).

According to the Cauchy-Schwarz inequality, this quantity must be in the
range [—1,1]. A value of 1 indicates that the two fields are fully correlated, 0
means that they are not correlated, and -1 that they are fully anticorrelated. In
linear perturbation theory and for adiabatic initial conditions (assumed here),
all quantities are related via a deterministic transfer function to the same initial
curvature perturbation, so that all the fields are fully correlated, Ay = 1.

We see that on large scales, where the evolution is effectively linear, the
dark energy and matter fluctuations are indeed fully correlated in all cases. In
gevolution, the matter evolves non-linearly under its own gravity, while dark
energy is computed at the linear level. For this reason the two fields start to lose
their correlation when the matter perturbations become non-linear.

In k-evolution on the other hand, where dark energy is able to follow the
dominant non-linear matter perturbations, the correlations are essentially main-
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Figure 2.9: Comparison of the power spectra of ®'/H for k-evolution, gevolution
and CLASS at different redshifts, for ¢ = 107 (right panel) and ¢ = 1077 (left
panel). The onset of non-linear effects in ®’ is on much larger scales than in
® or J,,. The results from k-evolution and gevolution are more similar, with
differences reaching to ~5% between the two codes.
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Figure 2.10: Normalized cross correlation power spectra at different redshifts for
speed of sound ¢ = 107 on the right and ¢ = 1077 on the left. In gevolution, for
both speeds of sound the only important scale is the scale of matter non-linearity
as in gevolution the dark energy does not follow the non-linear matter structures,
and we see that after this scale the cross correlation power decays. In k-evolution
for ¢2 = 107" almost at all scales the dark energy and matter densities are fully

correlated, as inside the sound-horizon dark energy does not cluster strongly and

closely follows the matter density. In the case with lower speed of sound, where

dark energy clusters and has self-dynamics the cross correlation power starts to
decay on small scales.
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Figure 2.11: Cross-correlation power spectra between matter and dark energy
densities at different redshifts, for ¢ = 107* (right panel) and ¢ = 1077 (left
panel), computed by k-evolution and gevolution. In gevolution, the dynamics of
dark energy and matter decouple beyond the scale of matter non-linearity, so the
dashed lines and solid lines start deviating roughly at the scale of non-linearity.
In k-evolution, for ¢ = 10~* the dark energy density does not cluster at scales
where matter clusters, and the dark energy follows matter. This is why the
cross-correlation power between the two densities is large. For ¢ = 1077, the
dark energy density clusters and the turn-around in the cross-correlation power
spectrum takes place at the sound-horizon scale.

tained for large speeds of sound such as ¢ = 107, In this case, dark energy
crosses its sound-horizon before the scale of matter non-linearity and it is not
able to develop an independent dynamics; its clustering simply follows that of
the dark matter.

The situation is different for low speeds of sound, such as ¢ = 1077, where
dark energy becomes non-linear outside the sound-horizon. In that case the
correlations start to decay, but more slowly than in gevolution, as the matter
clustering is still dominant and “drags” the dark energy perturbations at least

partially with it. This behaviour is clearly visible also in the field snapshots that
we study in Sec. 2.4\

For completeness we also show the raw cross-spectrum between matter and
dark energy densities at different redshifts for both speeds of sound in Fig. [2.11.
The main feature is the enhanced cross-power on small scales in k-evolution
due to the non-linear clustering of dark energy, mostly following the non-linear
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Figure 2.12: Ratio of dark energy and matter densities power spectra in k-
evolution (solid lines) and gevolution (dashed lines), at different redshifts for
2 =1077 (left panel) and ¢ = 10* (right panel). The scale at which gevolution
and k-evolution start disagreeing is giving by a combination of sound-horizon
and scale of matter non-linearity. In the low speed of sound case, ¢? = 1077,
this happens at smaller scales. Also this ratio increases with the redshift, as
the matter clustering is much stronger than the dark energy clustering at lower
redshifts.

dark matter clustering. In Fig. the ratio of dark energy and matter power
spectra at different redshifts are compared. On scales above the sound-horizon

we expect during matter domination a ratio of [Creminelli et al| [2009], [Sapone|
[& Kunz| [2009]

PDE 14w 2 1
~ = 2.34
P, (1 — 3w> 1369 ’ (2:34)
for w = —0.9, which is verified by the simulations. Dark energy perturbations

inside the sound-horizon stop growing, so that the ratio relative to the dark
matter perturbations decreases. At lower redshifts, the decrease in k-evolution
tends to be slower than in gevolution, since in the latter only the dark matter
perturbations become non-linear on small scales, while dark energy is always
linear. In k-evolution both dark matter and dark energy perturbations become
non-linear on small scales.
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2.3.3 Newtonian simulations with “back-scaled” initial con-
ditions

Dark energy is a key target for large future surveys like the ESA Euclid satellite
[Laureijs et al|[2011], and to exploit such data fully it is necessary to have reliable
results also on small scales where the matter perturbations are non-linear. To
find these results, it is common to use Newtonian N-body simulations where only
the expansion rate is changed, and where no dark energy is included
. However, although the dark energy perturbations are small, it is
not clear whether this is really a good approximation as we know that the CMB
temperature anisotropies on large scales are very sensitive to the perturbations
[Weller & Lewis| [2003]. In order to study this question, we compare this standard
approach with our method that includes the linear dark energy perturbations,
as implemented in gevolution 1.2.

At the linear level, the presence of dark energy perturbations induces a scale
dependence in the growth of matter perturbations. This means that simulations
where only the background evolution is adjusted do not even reproduce the linear
results correctly. In order to deal with this issue, the common practice is to first
choose a redshift at which the accuracy of the N-body simulation should be
maximal (e.g., redshift zero) and to compute a linear matter power spectrum
for that redshift, including the effects of dark energy perturbations. In a second
step, the matter power spectrum is then “scaled back” to the initial redshift of
the simulation with the scale-independent growth function obtained by neglecting
the dark energy perturbations, based only on the modified expansion rate. While
this procedure provides initial data that do not correspond to the true matter
configuration at the initial time, the error is deliberately introduced in order to
precisely cancel the error in the linear evolution once the simulation reaches the
final redshift.

In our comparison we consider a case with a low speed of sound, ¢? = 1077, In
principle such a choice may pose a challenge to the standard approach, as a scale
dependence is introduced close to the non-linear scale where the procedure out-
lined above becomes less reliable. We run one simulation with gevolution using
the CLASS interface to provide our baseline, and then compare our results with
two simulations where the CLASS interface is not used and only the background
evolution tracks the dark energy equation of state. We provide “back-scaled”
initial conditions for the latter two simulations, in one case based on the correct
linear matter power at redshift z = 0, while in the other case we match to the
linear matter power when additionally ¢? = 1 is assumed for the dark energy,
as is done in most numerical studies. All simulations are run in the Newtonian
mode, which means that for the baseline simulation the fluid perturbations are
taken in the N-body gauge [Fidler et al.| [2016].

In Fig. 2.13 we compare the matter power spectra of a simulation that used
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the “back-scaling” approach with the baseline simulation. As expected, Fig.2.13
shows that the linear scales agree to high accuracy at z = 0 when the initial
conditions are constructed appropriately. However, the effect of scalar field clus-
tering on the matter power spectrum reaches ~1% at small scales at z = 0, if the
initial conditions are prepared for ¢ = 107". As back-scaled Newtonian simula-
tions are often performed with a quintessence-motivated spectrum where ¢? = 1,
we also performed a back-scaled simulation with this wrong speed of sound. We
found that this choice does not have a large impact on the results; the errors on
small scales are even reduced relative to correct back-scaled case. This might
be induced because the large-scale and small-scale errors have opposite sign at
earlier redshifts.

The gravitational potential comes with much larger deviations, as is shown
in Fig. 2.14. The relative difference in the respective power spectra reaches 7%
and could affect the lensing signal. The reason for this large deviation is that
back-scaled initial conditions are constructed to produce an accurate matter
density but not gravitational potential. The latter is additionally sourced by
the perturbations in the dark energy which, however, are only important at late
times. It would be possible instead to use initial conditions that improve the
agreement for the gravitational potential, but then the matter power spectrum
would be off. Using the back-scaling approach it is not possible to obtain good
results for both the matter density and the gravitational potential simultaneously.
In a related paper|Hassani et al.|[2020c| we present a possible approach to include
a correction for the gravitational potential that addresses this problem.

2.4 Snapshot analysis

In this section we look at the matter and dark energy density from the k-evolution
and gevolution simulations (where the latter uses the CLASS interface), to study
how the dark energy field configuration traces the matter structures. First,
we compare the results obtained from k-evolution and gevolution for a rela-
tively small simulation (128% grid points) with a small box (50 Mpc/h), which
corresponds to a spatial resolution of 0.39 Mpc/h and a mass resolution of
5 x 10° Mg /h. In Fig. [2.15 we show a 2D slice of the box, which passes through
the most massive halo found by the ROCKSTAR halo finder [Behroozi et al]
[2013]. Comparing the left and middle panels of Fig. 2.15 we see that at high
redshift, z = 10, they are virtually indistinguishable, which is still nearly true at
2z = 6. At low redshifts, z = 1 and z = 0, the k-evolution results are clearly more
clustered than the linear dark energy realisation of gevolution. The dark energy
clustering is most pronounced in regions of strong dark matter clustering, i.e.
dark energy structures are formed around massive dark matter halos, something
that is not the case in the linear realisation. This agrees with the relatively high
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correlation between dark matter and dark energy perturbations visible in Fig.
2.10.

For a more quantitative study we use higher-resolution simulations with 10243
grid points and 100 Mpc/h box size which corresponds to 0.097 Mpc/h spatial
resolution and a mass resolution of 8 x 10® My, /h, for ¢ = 10~" and w = —0.9.
We pick the most massive halo in the simulation and analyse the particles and
the k-essence scalar field inside five virial radii of the halo. Fig. [2.16a shows,
respectively from left to right, dark energy density in gevolution and k-evolution
and matter density in k-evolution at z = 0. In each snapshot the position of
the halo with 5 virial radii is shown as a shaded region. Figure [2.16b provides
a closer look at the halo where the dashed circle is the virial radius of the halo.
In k-evolution, dense dark energy structures are formed around the centre of the
massive dark matter halo. In Fig. 2.16¢/the relative difference of dark energy den-
sity, matter density and potential between k-evolution and gevolution is shown
respectively on the left, middle and right, at z = 0 and in the same region as
Fig. 2.16b. Due to the dark energy clustering that is absent in the linear realisa-
tion, we find a large change in the dark energy density distribution. Moreover, in
contrast to matter power spectrum there are relatively large changes visible also
in the matter density due to the dark energy non-linearity. The dipole visible in
the distribution of the gravitational potential comes probably from a small shift
of the halo center due to the dark energy non-linearity.

In Fig. 2.17/ the change in the position of particles in k-evolution with respect
to the same particles in gevolution inside three virial radii of the halo is shown.
Each arrow represents the displacement of the corresponding particle due to the
dark energy non-linearities, i.e., A7(®) = Fk(éz,olution — _'g(?voluﬁon, where Fk(éz,olution
is the position of particle ¢ in k-evolution and Fg(é)volution is the position of the
same particle in gevolution. The colors show the length of the arrow measured in
Mpc/h. Most changes in particles positions due to the dark energy non-linearities
are seen to be around the center of the halo (for a study of the effect of dark
energy clustering on the turn-around radius near galaxy clusters see[Hansen et al]
[2020]).

2.5 Conclusions

We develop k-evolution, an N-body code to compute cosmological observables
including the effect of dark energy clustering. The code is based on gevolution
while dark energy is modelled using the EFT of DE. For simplicity we focus on
k-essence but we pave the way to more general cases. We develop the equations
to describe the gravitational and dark energy sector in the weak-field expansion
but fully non-linearly. As a first initial step, however, we implement in the code
only the linear parts of the evolution equation and stress-energy tensor of dark
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energy.

We compare the power spectra computed with k-evolution with those com-
puted with codes that treat the evolution of the dark energy linearly, in particular
with gevolution 1.2 (where the dark energy stress-energy tensor is computed us-
ing CLASS) and with CLASS. We find relatively small differences between the
matter power spectra computed with k-evolution and gevolution. However, the
clustering of dark energy uniquely captured by k-evolution affects non-negligibly
the power spectra of other quantities, such as the gravitational potential and its
time evolution. This is especially the case for low speeds of sound such as the
one considered here, i.e. ¢? = 1077,

Moreover, we compare k-evolution with simulations that take into account
the dark energy component by changing the background evolution and back-
scaling the initial conditions. We show that this back-scaling approach cannot
compute, with sufficient accuracy, simultaneously the power spectrum of matter
and of the gravitational potential. We also analyse snapshots from k-evolution.
We find that in dense regions the matter density, the k-essence density and the
positions of particles are affected by dark energy clustering.

This paper is the first step of a more general program of developing simula-
tions including the effect of dark energy and modified gravity.
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Figure 2.13: The matter power spectra and the relative difference from two
Newtonian simulations, one with the back-scaled initial conditions for ¢? = 1077
and one with the correct initial conditions from the linear Boltzmann code CLASS
and correct evolution for ¢ = 1077 including linear dark energy perturbations.
The simulation with back-scaled initial condition works well at z = 0 especially
at linear scales by construction while it reaches 1% error at non-linear scales. At
higher redshifts the relative errors are typically larger, but remain below 2% on
all scales.
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Figure 2.14: The gravitational potential power spectra and the relative difference
from two Newtonian simulations, one with the back-scaled initial conditions for
¢ = 1077 and one with the correct initial conditions and correct evolution for
¢2 = 1077 including linear dark energy perturbations. The simulation with back-
scaled initial condition does not give the correct gravitational potential power
spectrum at large scales; we find about 7% relative error.
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Figure 2.15: Respectively from the left to the right, the dark energy density
computed with gevolution (using the CLASS interface) and the dark energy and
matter density computed with k-evolution, as a function of the redshift (from
the bottom to the top), measured in units of the critical density. The dark
energy structures form around massive halos. Note that the color scheme for the
visualisation of p(P®) changes between lower panels and upper panels.
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(a) Snapshot for dark energy density from gevolution (left panel), k-evolution (mid-
dle panel) and matter density from k-evolution (right panel) measured in the critical
density unit at z = 0 from a high resolution simulation is shown. The shaded region
shows the most massive halo in the simulation which is going to be studied in detail
in the next figures.
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(b) A close look at the most massive halo (shaded region in the previous snapshot).
The color bar range for dark energy density is different with matter density, as dark
matter clusters more efficiently than dark energy.
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(c) The relative difference of dark energy density (left), matter density (middle) and
gravitational potential (right) between the results from k-evolution and gevolution at
z=0.

Figure 2.16: A comparison of dark energy clustering in simulations.
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Figure 2.17: Change in the particles positions due to dark energy clustering. The
arrows show the difference between the position of each particle in k-evolution
and that of the same particle in gevolution. The colors show the length of the

arrows measured in Mpc/h. Red arrows around the virial radius of the halo point
toward the center.
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APPENDIX

2.A Stress-energy conservation and the m equa-
tion of motion

The stress-energy tensor for a perfect fluid reads,

T} = (p + p)u'u, + poy (2.1)
where u* is the fluid four-velocity normalized to unity, u#u, = —1. This can be
decomposed as

det eV ,
[ — 2.2

u dS a ( 7U ) Y ( )

so that the fluid components read
Ty = —p—dp,
Ty = —(p+pp' = =017 (2.3)
T/ = (p+0p)8] + % ,
where EZ = Tij — 5{ TF/3 denote the anisotropic stress, which is traceless i = 0.
The stress-energy tensor of a k-essence dark energy has the same form as the

one of a perfect fluid. In particular, its components in (2.23)) can be written as
those of (2.3)) with

2¢2 — 1
2

op=-—L11 l3c§7{7r _¢
CS

Ww)ﬂ |

5p=—(p+p) [3w%7r o Wwﬂ ,
6
. (2.4)

, 1
vt = —X(®tY) [1 ] <3c§(1 +w)Hr —(+ cg\Il> + 5.2

(677')2‘| aiﬂ- )
1
Yij = (p+p) [&W@ﬂ - 3(8kﬂ)25ij] '

For completeness, we use the covariant conservation of the stress-energy ten-
sor of k-essence to derive the continuity and Euler equation of the dark energy
fluid. Then we show that the continuity equation is equivalent to the equations
of motion for 7, Egs. (5.1) and (5.2)). For convenience we define the following
notation,

~25ik i
0= o g = e 2@V g00 o= 0726 0,0, %7

. (25
p p+p (25)
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where w is the equation of state parameter, ¢ is the density contrast and @ is the
velocity divergence. Note that for k-essence ' is irrotational, so that 6 is enough
to describe the full vector v*.

If matter and dark energy are minimally coupled, as in the case of k-essence,
the stress-energy tensor satifies the covariant conservation equation

vV, T =0. (2.6)
The continuity equation follows from taking this equation with v = 0, which
gives
1+w

0" = —(1+w) (9’ —30") —3H (gi—w> 5+3q>’<1+g]p’> 5+Tw’a¢(3q>—\y) .
(2.7)

With the above notation and keeping terms up to order O(e) in the weak-field
expansion, one finds

1+w
P

0= —(1+w)(0—30) —3%(519—10) 5+3<I>’<1+5p> 5+

55 5 00, (3@ _ \IJ) .

(2.8)
The Euler equation follows from v = 4, which gives
pe 2@V (1Y (1 + w) 4+ e 2PV (1 + w) (3w — D) Hpv' + B! 9;(V — 30)
+ 0:0p + Op AW — 72V (1 + w) (5" 4+ ') + p V(1 +w) 4+ 8,V pd + 0,5 = 0.
(2.9)

Dividing this equation by (1 + w)p, taking its divergence of and replacing 9;v’
using the definition of § in Eq. (5.5), one finds

V3P \aa' 6P
' -1 (W ——— — (50 + W’ 1+ —
0+ Bw—1)HEI+ V¥ +U)+p(1+w) (50" + )9+1+w<+5p>6
;%]
— 10,30 - V) =0.
p(1+w) i )
(2.10)

One can verify that the continuity equation for the k-essence fluid is equiv-
alent to field equations for m. We do it explicitly in the limit of small speed of
sound, where

1+w -
i= g |% (wﬂ ,
2(240) .
v =[x - (V) }aﬂr, (2.11)

op=—p(l+w) [3w7-[7r —(+ é(ﬁW)Q] :
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From the expression for v* and upon use of Eq. (5.1), the velocity divergence

reads ]

0= 2 — 20,C0;m — 2(V?1 + 0; (am(vw)Q)} : (2.12)
Putting the above expressions in the continuity equation (5.3) and multiplying
by ¢2, gives,

H(2 + 3w)

¢ —3wHC -V (20 4+ ) -Vr — (Vi + ;

. 1 .
(Vr)?+ 5&- (8¢7T(V7T)2) =0,

(2.13)
which is Eq. (5.2)) in the small ¢? limit.

2.B  Numerical implementation

We use the Newton-Stormer-Verlet-leapfrog method [Ernst Hairer| [0035] to solve
the two first order partial differential equations for the linear k-essence scalar
field on the lattice,

n+i
Gix = (,J k2 + Clj K (2.14)

where the superscript n and subscript i, j, k shows respectively the time step and

1
the position on the lattice, i.e { k2 is the field ¢ at discrete time step (n + )
and point (i,],k) on the lattice. To find ¢{ we discretize Eq.(5.2) as

Hm o/n
n, n 279 /n n n n n L),
Gijae =3wH Gy = 3¢H ( Migae ~ Vigk ~ 2 ik T )

CI)1 1Jk+(1)1+Jk+(I)1J 1k+q)1j+1k+q)1jk 1+q)1jk+1 6¢)irtj,k
Ax?

+c

To update the scalar field fluctuation 77; , we use,

n+1 _
Tijk = 7T1Jk+7rljk A (215)
. /n+% . .
while 7, ik~ 1s obtained by,
/n+2 . n+2 n+2 n+2 n+2
Tijk C,Jk _Hi,jk i,jk +‘I’,Jk (2.16)

It is important to note that in our scheme we have split the background from
1
perturbations, as a result we have access to the H**2 independently of the value

ol
of the fields. Moreover we compute 7Ti7j_t_k2 as following,

R i v
Mg = (217)
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Putting (2.17) and (2.16) into the (2.15) results in,

1 n+i n+i Vi k 1
n+1 __ n i, nt
Lik ™ 1+ Hn—f—%AT/Q Tijk + AT Ci,j,k2 o Hi,j,kQ 9 A (218)
where,
43 AT
\Iji,;,rlf =¥+ \Ijijlk? (2.19)

Depending on the speed of sound of k-essence field ¢?, we choose the appropriate
Courant factor. Usually the k-essence Courant factor is different from the dark
matter Courant factor and shows how many times the k-essence field is updated
for one dark matter update. The reason is that for large speed of sound we need
to decrease the time step of k-essence field updates to resolve the perturbations
well.

2.C Initial conditions and gauge transformations

In this appendix we discuss the initial conditions for the scalar fluctuations m
and ( in k-evolution, provided by the Boltzmann codes at high redshifts, where
the linear theory is a good approximation.

In the linear Boltzmann code CLASS, dark energy is implemented as a fluid in
both Newtonian and Synchronous gauge. In hi_class, k-essence is implemented
in the field language in Synchronous gauge only. To extract = and { from these
codes, we need to gauge transform the perturbations to the Poisson gauge used
in this article.

Let us first connect the field quantities to the fluid ones, in Newtonian gauge.
To do that, we use the density contrast and velocity divergence of dark energy,
respectively § and 6, at linear order given in Eq. (5.6). Using these expression
we find

eNew (k7 Z)
TNewt (K, 2) = # , (2.20)
c? Onews (k, 2
Mot 2) = 15— 0w (K, 2) + cngN;{(z) + Unewi(k,2),  (221)
where the subscript “Newt” denotes conformal Newtonian gauge.
Thus, using Eq. (2.18)) we then obtain, for (,
2 Oxews (K, 2)
ewt — 755 ew k, — 1 2 . 222
CN t 1+wN t( Z)_I_H L2 ( +Cs) ( )
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Following the discussion in Sec. 3 of [Ma & Bertschinger| [1995b] on the gauge
transformations and employing the same notation, we consider the following
coordinate transformation:

#0 = 2%+ a,
i=7+VB(rz)+é&rz), V.E=0 (2.23)

where « and 3 are respectively the temporal and spatial part of the infinitesimal
coordinate transformation. The metric components transform as,

G () = g () — guﬁ(x)&,eﬂ — Goaw(7) 0" — €009, () - (2.24)

As a result the transformed metric perturbations after coordinate transformation
read,

K>

(1,7) = V(1,7) — (1,7) — Ha(T, T) ,

. 1

O(7,7) = O(7,7) + gvzﬁ(ﬂ Z) + Ha(r, ©) , (2.25)
where we have assumed that the coordinate transformation is of the same order
as the metric perturbations. We can use these transformations to write down

the scalar metric perturbations in Newtonian gauge (®, V) in terms of (h,7) in
Synchronous gauge. The result is that in Fourier space we can set

alr, k) = (W +61)/2k*,  B(r,k) = (h+6n)/2k* (2.26)
where (h,n) are the scalar modes of h;; and are defined as,
PN NN 1 - - - ~
W 7) = [ dhe (kkj - 3%-) (h(F, )+ 6k, )Y, K=Kk, (2.27)

To find the gauge transformation for the fluid quantities we use

TRy
02 0" 1 Nowt) (2.28)

TH(Synch) = S 9 Lo

where Z# and x* denote the Synchronous and Newtonian coordinates respectively.
It follows, to linear order, that

T9(Synch) = T (Newt) , (2.29)
T (Synch) = T3 (Newt) + ik;a(p + P),

T? (Synch) = T7 (Newt) .

(2
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From the definitions of the density contrast 6 = dp/p = —6T3/p, 6, §P and
o in Eq. (5.6) we have,

d(Synch) = §(Newt) — o : (2.30)
p
(Synch) = 8(Newt) — ak?
dP(Synch) = 6 P(Newt) — a]g,
o(Synch) = o(Newt) .
To obtain the gauge transformation for 7 we use the fact that ¢(z#) = 2° +
m(x*) is a scalar, i.e., ¢(2*) = p(z#). Thus, we find
Ap(r) = () — p(2) = —Oup e =" = —a, (2.31)

which can be written as

TSynch = TNewt — . (232)

For practical applications we provide a list of transformations in Fig. 2.18
and Fig. 2.19 for the output of CLASS and hi_class to obtain the result in a
certain language with a certain gauge. In CLASS, we assume that the user sets
the correct gauge, for example to have the quantities in Synchronous gauge one
uses CLASS with the gauge is set to “Synchronous”. Then ¢ and # in that gauge
are the output of the code and one has to use the transformations in Fig. 2.18
to find 7, 7’ in the corresponding gauge.

CLASS

TSynch = GSynch /k2

Thoen = 12 Osymen + (3¢2 — 1) HOsynen /k2
Synch 14w Synch S Synch

Osynch = direct output

dsynch = direct output

_ 2
TNewt — 9Newt/ k

2
Tr{\fewt = 1_C;_—Sw5Newt + (303 - 1) 7'wNewt/k2 + YNewt
ONewt = direct output
ONewt = direct output

Figure 2.18: The transformations in CLASS to obtain 7 and 7’ in a certain gauge
from the fluid properties. In the top part, it is assumed that the user runs
CLASS in Synchronous gauge which fgynen and dgynen in Synchronous gauge are
the direct output of the code. To obtain mgynen and g, one needs to use the
given transformations. In the bottom part, it is assumed that the user runs
CLASS in Newtonian gauge. Follow the recipe one obtains myewt and eyt
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In hi_class the quantities are written in Synchronous gauge only, in the
field language. In this case Tsynen and 7§y, are the outputs of the code, while
OSynchs Osynch, TNewt and ., are computed according to the formulas given in
Fig. [2.19.

hi_class

TSynch = direct output
Tgynech = direct 0121tput
GSynch = TSynch k
1
JSynch = v (_ (303 - 1) %WS}’HCh + ﬂ-éynch )

3
TNewt = TSynch T &
/ . /
TNewt = 7-‘-Synch ;—C\C 9
ONewt = WSynchk’ + ak
1 2 /
ONewt = L (_ (303 - 1) HT(Synch + ﬂ-Synch) — 3(1 aF UJ)HOA

2
Cs

Figure 2.19: The transformations in hi_class to obtain a certain quantity in a
specific gauge. In the top, the recipe in synchronous gauge is given. In hi_class,
Tsynch and W’Synch are the direct output of the code. To obtain dgyneh and fsynen
one needs to follow the given transformations. In the bottom part, the recipe for
obtaining quantities in Newtonian gauge in both languages are given.

2.D Limit of small speed of sound ¢’

In this appendix we are going to study the evolution of perturbations in the
limit of small speed of sound, in order to show that this limit is well defined. In
particular, we are going to show that § and v’ remain finite in this limit, despite
the appearance of a ¢ in the denominator of their expressions, see Eq. (2.11)).
To be able to solve this case analytically, we will assume matter dominance,
ie., a < 72 (i.e., H = 2/7) and ¥ = const. Moreover, we expand ¢ and 7 in
perturbations,

C:((l)_i_C(Q)_'_? 7r:7r(1)—|—7r(2)—|—,.., (233)

and we start by discussing linear perturbations.
At first order the evolution equations for 7 read

(-7 —Hr+T =0,

2.34
¢ — 3wH( + 3¢ (HQW—H\I/—”H'W—@’) — Vi =0, (2:34)

90



2.D. Limit of small speed of sound c?

where we initially omit the upper index (1) to avoid cluttering. We can solve
these equations for ¢ and 7 perturbatively in c?, i.e., using the expansions

(=G+Gd+..., T=Tg+ M+ ... (2.35)
At lowest order in 2, the second equation becomes

G —3wHG = 0. (2.36)

Assuming w constant, its solution reads (, = C'a=3¥, where C is an arbitrary

constant. However, in order to prevent the stress-energy tensor of dark energy
from blowing up for ¢ — 0 (see Eq. (2.11))), we fix it to zero, C' = 0, so that
starts at linear order in 2,

V=0 (2.37)
Notice that this coincides with assuming adiabatic initial conditions, i.e., ® =
€ = 4+ Hn [Gleyzes et al| [2015]. Plugging {; = 0 in the first equation of
Eq. (2.34) we can solve for ,

v
i = 37 (2.38)

Since ¢ vanishes at leading order in 2, let us go to the next order. At first
order in ¢?, the second equation in Eq. (2.34) reads

G — BwHG + 3 (HPmo — HY — H'mo — &) — VPmy = 0. (2.39)
Using the solution for 7 and taking &' = 0, we can solve for (;, which gives
W T gy (2.40)
YT 6(1 - 3w) ' '

Since at leading order in ¢ we have § = (1 4+ w)(/c?, see Eq. (2.11)), and
in matter domination the gravitational potential is given by the matter density
contrast d,, by the usual Poisson equation, V2¥ = (3/2)H?0,,, the above solution
for (M) = dl)cg gives

1+w

o0 = oW 2.41
1—3w ™’ (2.41)

as expected [Creminelli et al.| [2009].
At second order in perturbations we have

& 3w — V0 - Tel!) + (2 4 30) (V) = 0, (2.42)

where in the second equation we have assumed ¢? = 0 and have taken only the
leading order in the expansions ¢ = (y+ (2 +... and 7 = mg+mc2+.... Using
the linear solution for 7, this equation can be solved,

@ = 22(6\1/)2 (2.43)
18 ’
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which is exactly what needed to cancel the right-hand side of the first two equa-

tions in Eq. (2.11)). To solve for 7 ) we use that ¥® = 0 in Eq. (5.1), which
gives

@ _ T

"0 T 90

In this case we do not need to go one order higher in ¢? to find ¢, because

the leading order does not vanish. Using Eq (2.11)), the above solutions show

(VD). (2.44)

that 6 and vl-( vanish at this order in ¢2. To find these quantities at leading
order in ¢? we need to solve for (1 and 7T(2) (which requires 7r§2)) and replace
these quantities in Eq. (5.6). Since the solution obtained by this straightforward
procedure is not very illuminating, we refrain from giving it here.

Going one order higher in perturbations, at third order the evolution equation

of (y reads
¢ = 3wHG — 2V -Vl - VO - Vg - (P + H(2 + 3w) V) - VY
+ ;VZ- [V,‘?T(()l) (ﬁwél) . ﬁwél))] =0.

(2.45)

Using the first and second-order solutions for 7 written above, this equation can
be solved giving

(3) _

0 27OV\II V(V\I/) (2.46)
Replacing this solution in Eq. (2.11) with the lowest order solutions for 7 shows
again that ¢ remains finite in the ¢ — 0 limit. This procedure can be straight-
forwardly extended to higher orders.

The solution for 7r(()3) can be found by solving C(()3) — 7r(()3) h— 7—[7r(()3) = 0, giving

5

V= V. V(VI)? 2.47
In summary, at leading order in ¢ and up to third order in perturbations we
have

7_202

SRR v e U2 + V. V(VI)?2
¢= 6(1—3w)v +18(v )y +270V v(VY) (2.48)
A ° - = ‘
- )} — VU 7}
T i +9O(V )2 +1890v V(VV)?,

2.E Supplementary materials

This appendix is not part of the submitted paper and we plan to elaborate the
details in the original paper.
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It is always important to make sure that the computations are performed
correctly, thus it would be helpful if we could find an intelligent way to cross
check our results using a computer programming. It turns out that the symbolic
computation in Mathematica is useful for our purposes. Using this feature of
Mathematica we can obtain the Einstein fields equations from the FLRW metric
as follows,

In[1]:= n=4;
coord = {t,r,0,¢};
metric=Arraylg,{4,4}];
1,1]=-1;
gl2,2]=a[t]?;
gl3,3]=alt]’r?;
gl4,41=a[t]1%r?Sin[0]%;
r[1=2,1<5,1++,
For[i=2,i<5,i++,
If[i#1, gl[i,11=0;]

]

]
For[i=2,i<5,i++,
gl1,i]=0 ;
gli,1]=0 ;

]

According the definitions introduced previously in Chapter. |1, we can define the
Christoffel symbols, the Ricci tensor and scalar, the Einstein tensor as,

In[2]:= affine=Tab1e[E*Sum[(inversemetric[[i,s]])*
(D[metric[[s,jl],coord[[k]] 1+
D[metric[[s,k]],coord[[j]] 1-Dlmetric[[j,k]],coord[[s]] 1),{s,1,n}],
{i,1,n},{j,1,n},{k,1,n}];

riemann:=riemann=Tablel[

D[affine[[i,j,1]],coord[[k]] ]1-D[affinel[[i,j,k]],coord[[1]] 1+
Sum[affine[[s,j,1]] affine[[i,k,s]]-affine[[s,j,k]] affinell[i,1,s]],
{s,1,n}],

{i,1,n},{j,1,n},{k,1,n},{1,1,n}] ;
ricci=Table[Sum[riemann([[i,j,i,1]1],{i,1,n}],{j,1,n},{1,1,n}]

scalaricci=Sum[inversemetric[[i,j]llriccil[[i,j]1],{i,1,n},{j,1,n}]
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1
einstein: =einstein=ricci—Escalaricci*metric ;

SEHMetric=+v/-Det [metriclscalaricci ;

Now we can compare some elements with our calculated results. In the below
we print '}y, the Einstein tensor G, in the matrix form and the Ricci scalar R,

in[3]:= affine[[2,2,1]1]//MatrixForm
Out[3]//MatrixForm=

a’[t]
alt]

In[4]:= einstein//Simplify//MatrixForm

Out[4]//MatrixForm=

3 a'[t]?

Taltl® 0 0 0

0 -a'[t]%-2 alt] a’’[t] 0 0

0 0 -r® (a'[t]%+2 alt] a”[t]) 0

0 0 0 -r? 8in[A1% (a'[t]*+2 alt] a”[t]

Inj5]:= scalaricci//Simplify

6 (a/[t]*+alt] a”[t])
al[t]?

Out[5]=
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Chapter 3. Clustering dark energy imprints on cosmological observables of the
gravitational field

Abstract: We study cosmological observables on the past light cone of a
fixed observer in the context of clustering dark energy. We focus on observables
that probe the gravitational field directly, namely the integrated Sachs-Wolfe
and non-linear Rees-Sciama effect (ISW-RS), weak gravitational lensing, gravi-
tational redshift and Shapiro time delay. With our purpose-built N-body code
“k-evolution” that tracks the coupled evolution of dark matter particles and the
dark energy field, we are able to study the regime of low speed of sound c¢; where
dark energy perturbations can become quite large. Using ray tracing we produce
two-dimensional sky maps for each effect and we compute their angular power
spectra. It turns out that the ISW-RS signal is the most promising probe to con-
strain clustering dark energy properties coded in w—c?, as the linear clustering of
dark energy would change the angular power spectrum by ~ 30% at low £ when
comparing two different speeds of sound for dark energy. Weak gravitational
lensing, Shapiro time-delay and gravitational redshift are less sensitive probes of
clustering dark energy, showing variations of a few percent only. The effect of
dark energy non-linearities in all the power spectra is negligible at low ¢, but
reaches about 2% and 3%, respectively, in the convergence and ISW-RS angular
power spectra at multipoles of a few hundred when observed at redshift ~ 0.85.
Future cosmological surveys achieving percent precision measurements will allow
to probe the clustering of dark energy to a high degree of confidence. Clear
evidence for clustering dark energy at any scale would rule out a cosmological
constant as the leading contender for dark energy, and may help to distinguish
between different dark energy models.

3.1 Introduction

The accelerated expansion of the Universe which has been attributed to the so
called “dark energy” component was first discovered using supernova la observa-
tions over two decades ago independently by [Perlmutter et al|[1999] and [Riess]
. Since then the late-time accelerating expansion has been con-
firmed by several independent measurements, including the cosmic microwave
background (CMB) [Ade et al| [2015a} [Planck Collaboration et al} 2016} [Spergel]
et al] 2003], large scale structure [Tegmark et al] [2004] [2006] and baryon acoustic
oscillations [Aubourg et al] 2015] [Percival et al] 2007].

In the ACDM standard model of cosmology the cosmological constant A is
responsible for the late-time acceleration. Although ACDM is a successful model
that fits the current data well, A is a phenomenological parameter which is not
theoretically well motivated and suffers from severe fundamental issues including
fine-tuning of the initial energy density and the coincidence problem [see
for a review of the cosmological constant problem]. The theoretical issues
of the cosmological constant and tensions between some parameters in various
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cosmological data sets [Handley & Lemos], [2019] [Verde et al| [2019] that have
emerged over the past years have motivated cosmologists to propose a plethora
of dark energy (in the form of an additional scalar field or “dark” fluid) and
modified gravity models (in the form of a modification of general relativity)
to explain the late-time cosmic acceleration [Clifton et al 2012b} [Joyce et al.|
[2016b}, [Koyamal}, [2018]. Since the number of viable dark energy and modified
gravity models is substantial, the effective field theory (EFT) approach has been
developed and has become popular. It describes the theory economically in the
low energy limit using symmetries and can connect the specific theory to the
observation in a straightforward way.

In the near future with high precision cosmological surveys such as Eu-
clid [Laureijs et al] [2011], the Dark Energy Spectroscopic Instrument (DESI)
[Aghamousa et al] 2016a], the Legacy Survey of Space and Time (LSST) [Abatd
[2012] and the Square Kilometre Array (SKA) [Santos et al] [2015a] we
will be able to probe the cosmological models with percent precision into the
highly nonlinear regime. One of the main goals of these surveys is to understand
the reason behind the cosmic acceleration and to probe the nature of gravity.
In the case where the data prefers an alternative dark energy scenario, accurate
modeling of the cosmological observables for non-standard models up to highly
nonlinear scales is required. A very accurate method to model the cosmolog-
ical predictions of these theories on such scales is obtained using cosmological
N-body simulations.

Until now several N-body codes have been developed for a range of alternative
gravity models [Baldil [2012} [Barreira et all [2013] [Brax et al| [2012b}] [Li et al.|

07124 [Li et al] 2013 [Llinares et al] P014], [Mead et al] R015], [Ovaizu et al] 2008

[Puchwein et al] 2013] [Schmidt et al] 20094 [Valogiannis & Bean| 2017 Wyman]
et al] 2013} [Zhao et al] R011]. These codes are based on Newtonian gravity which

is not naturally suited for considering the non-standard dark energy models,
therefore requiring a number of approximations. While these may be justified
for a crude analysis, the fact that dark energy (as opposed to dark matter) is
not dominated by rest-mass density appeals more to a relativistic treatment.
With such applications in mind, some of us have developed gevolution
[20164], an N-body code entirely based on General Relativity (GR). One
of the main advantages of the gevolution scheme is that it could be extended
naturally to include dark energy or modified gravity models without requiring
any approximations in the dark energy sector such as the quasi-static approxi-
mation as is done in the Newtonian approaches. A full implementation of the
EFT of dark energy encompassing many dark energy and modified gravity mod-
els is still a formidable task. As a first step toward this goal we have recently
developed the k-evolution code in [Hassani et al| [2019a] in which we have added
a k-essence scalar field using the EFT language. Based on gevolution some of
us have recently also developed N-body simulations for parametrised modified
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gravity in ?, and [Reverberi & Daverio| [2019] have implemented f(R) models in
gevolution.

In this article, we study the effect of k-essence dark energy on the cosmo-
logical observables of the gravitational field using our N-body codes gevolution
and k-evolution. In particular, weak gravitational lensing and the ISW-RS ef-
fect probe the gravitational potential and its time derivative directly, and they
can be constrained with multiple probes independently. We additionally discuss
gravitational redshift and the Shapiro time delay, even though their cosmological
detection will be more challenging. We study and quantify the signatures that
the k-essence model would imprint on each observable.

In Section 3.2 we discuss the theoretical background, focusing on k-essence
in the EFT framework of dark energy, and we present the relevant equations that
are solved in k-evolution to evolve the k-essence field. Section 13.3is devoted to
the general discussion about the cosmological observables and how non-standard
dark energy or modified gravity models would affect each observable. The cos-
mological parameters of our simulations and the way we construct the past light
cone for a fixed observer in our N-body codes to make the synthetic sky maps
of our observables are explained in Section [7.2.4. In Section [3.5 we show the
numerical results from k-evolution and gevolution and we compare the results
with the linear theory prediction obtained from the Boltzmann code CLASS. Our
conclusions and main take-home points are summarised in Section |3.6L

3.2 Theory

In this section we briefly review the essentials of the k-essence model especially
with the focus on its effective field theory description and the k-evolution code,
an N-body code recently developed to study the evolution of large scale structure
in the presence of a non-linear k-essence scalar field, see [Hassani et al.| [2019a]
for a description.

To study the evolution of the perturbations around a homogenous flat Fried-
mann Universe, we consider the Friedmann-Lemaitre-Robertson-Walker (FLRW)
metric written in the conformal Poisson gauge,

ds* = a*(1)| — e2Vdr* — 2B;dx'dr + (6_2(1)% + hij)dxida:j : (3.1)

where U and ® are the Bardeen potentials carrying the scalar perturbations of
the metric, B; is the gravitomagnetic vector perturbation with two degrees of
freedom as we have §Y9;B; = 0, and h;; is the tensor perturbation with the
gauge condition 6“h;; = 0 = 6“9;h;), which results in two remaining degrees of
freedom.

The k-essence model was originally introduced to naturally explain the recent
accelerated expansion of the Universe through the idea of a dynamical attractor
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solution in which this model acts as a cosmological constant at the beginning of
the matter dominated era without any fine tuning of the parameters
[Picon et al) [2000} [2001]. This model is particularly interesting as it does not
rely on coincidence or anthropic reasoning, unlike the cosmological constant and
quintessence modeld! in which the energy density today is set by tuning the
model parameters.

The k-essence action, an action containing at most one single derivative acting
on the field, reads

Soe = [ V=gP(X,p)d' (3.2)

where ¢ is the scalar field and X = —%g‘“’@wp@wp is the kinetic term of the
k-essence field. In general we need to choose a specific form for the function
P(X, ) to solve the equations of motion for the k-essence scalar field. Since
there are many possible choices, one can instead employ the EFT approach to
model the dynamics of dark energy. EFT, although not a fundamental theory,
offers several advantages: First, we can express a large class of dark energy
and modified gravity (DE/MG) models with a minimal number of parameters
in a model-independent approach and using a unified language. Second, the
phenomenological parameters of the effective theory can be constrained directly
by cosmological observations without being specific to any DE/MG models nor
to their original motivations. Third, the effective approach allows the theorists to
carefully examine the unexplored regions of the space of parameters which could
in principle guide towards new viable models [Creminelli et al [2009] [Gubitosil
T iED)

In k-evolution [Hassani et al| [2019a], which is an extension of gevolution
[Adamek et alf [2016a) [Adamek et al. [2016b] in which we have implemented the
k-essence model as a dark energy sector, we use the EFT approach to write
down the equations of motion parametrised with the equation of state w and the
squared speed of sound ¢?. The scalar field evolution, keeping only linear terms
of the scalar field and its time derivative, is given by

7=(-Hr+V, (3.3)
¢ = 3wH( — 3¢ (’H27r —HY —H'r — @') + V2, (3.4)
where 7 is the scalar field perturbation around its background value, ( is written

in terms of 7 and 7', V2 = §99;0;, a prime / denotes the time derivative with
respect to the conformal time, and H is the conformal Hubble function. The

'The quintessence model is a canonical scalar field model, corresponding to the special case
of the k-essence model where the kinetic term is canonical.
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linear stress energy tensor reads

= —p+ p;p(zacg%r - g) ,
T = —(p+p)air (3.5)

T3 = 3}~ (p -+ p) (3w — )8}

It is worth noting that in connection with the EFT language, with the notation
used in [Gleyzes et al] 2013], apart from the background parameters A(t) and
c(t) the only remaining parameter in EFT for k-essence theory is M (t). In the
alternative EFT notation using a;(t) explained in [Bellini & Sawicki [2014], ok
is the only non-zero parameter.

As discussed in [Hassani et al.| [2019a], although we keep only linear terms
in the scalar field dynamics and we drop higher order self-interactions of 7, the
scalar field does cluster and form non-linear scalar field structures in k-evolution
because it is sourced by non-linearities in matter through gravitational coupling.
This is the crucial improvement over the treatment of dark energy in gevolution,
which uses the transfer functions from linear theory to keep track of perturbations
in the dark energy fluid similar to how it is done in [Dakin et al] 2019] [see also
? for a more comprehensive extension of this framework to EFT].

Einstein’s equations for the evolution of the scalar perturbations in the weak
field regime |Adamek et al) [2017b| read

1 ...
(1+20)V2® — 3HD — 3H*V — 5070:00;®
= —47Ga*sTY , (3.6)

2
VD — 0) — (35ik5j1812(?:z;l - (5ijv2> 0,90,®
32

_ 2 kO
=47Ga (35 B2 Ok

— 5;V2> !, (3.7)
where the stress tensor T} includes all the relevant species, i.e. matter, dark
energy and radiation.

In [Hassani et al] [2019a], we introduce k-evolution and the full non-linear
equations for the k-essence model written using the EFT action. We study
the dark energy clustering and its impact on the large scale structure of the
Universe. Moreover, we discuss that the scalar dark energy does not lead to
significantly larger vector and tensor perturbations than ACDM. Thus one can

safely neglect the vector and tensor perturbation in this theory. In[Hassani et al]
[2019b| we quantify the non-linear effects from k-essence dark energy through
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Figure 3.1: Left: The conformal Hubble parameter as a function of redshift for
ACDM and wCDM with wg = —0.9. In the bottom panel we show the relative
difference. As expected, the effect of dark energy goes away at high redshifts.
Centre: The comoving distance as a function of redshift for the two cosmologies
is plotted. In the bottom panel again the relative difference is shown. The rela-
tive difference asymptotes to a constant at high redshifts because the comoving
distance is an integrated quantity. Right: In the top panel, the logarithmic
growth rate f as a function of redshift for a fixed wavenumber is plotted. In
the bottom the relative difference between different scenarios is shown with re-
spect to ACDM. While in the latter case the growth rate is scale independent
(neglecting corrections due to neutrinos), in a clustering dark energy model the
behaviour of a mode depends on whether it is inside or outside of the sound
horizon. We compare three cases with ACDM, namely the mode k = 0.5 Mpc~!
with ¢2 = 1077, k = 10 Mpc™! with ¢2 = 1077 and k = 0.5 Mpc™! with ¢? = 1.
Only the first case corresponds to a mode outside the sound horizon, while the
other two are well inside. Thus we see the same behaviour for k¥ = 10 Mpc™!
with ¢2 = 1077 and k = 0.5 Mpc™! with ¢? = 1.

the effective parameter u(k,z) that encodes the contribution of a dark energy
sector to the Poisson equation (see below). We also show that for the k-essence
model the difference between the two potentials ® — V¥ and short-wave corrections
appearing as higher order terms in the Poisson equation can be safely neglected.
Moreover, in [Hansen et al| [2020], we study the effect of k-essence dark energy
as well as some other modified gravity theories on the turn-around radius —
the radius at which the inward velocity due to the gravitational attraction and
outward velocity due to the expansion of the Universe cancel each other — in
galaxy clusters.

It is sometimes useful to parametrise the effect that clustering dark energy
has on the gravitational potential phenomenologically through a modified Poisson
equation,

- kQCI) = 47TGNCL2,U,(]€, Z) ZﬁxAX y (38)
X
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where A is the comoving density contrast and the species X do not include
the dark energy field. Denoting in addition the ratio between the two Bardeen
potentials as

n(k, z) = (3.9)

one obtains a phenomenological classification of DE/MG models through two
generic functions of time and scale, with ACDM predicting n = u = 1 everywhere
[e.g. |[Ade et al] [2015a} [Blanchard et al) [2019]. As discussed in [Hassani et al|
[2019b], for the case where k-essence plays the role of dark energy, n(k,z) ~ 1
and p(k, z) is fitted well with a tanh function where the amplitude and shape of
the function depends on the speed of sound and equation of state.

For the sake of completeness, we show the effect of k-essence, expressed in
the form of w — ¢? in the parameter space, on the background evolution and the
growth of matter density perturbation. The effect of k-essence appears on the
background evolution via the equation of state but independent of the speed of
sound of dark energy. We show the conformal Hubble parameter H as well as
the redshift-distance relation in Fig. 3.1]in the left and middle panel for wCDM
with w = —0.9 and ACDM, which are the cases we consider in this article. We
also compare the logarithmic growth rate f = dInA,,/dIna in the right panel
of Fig. 3.1] for different scenarios to see the impact of different choices of w and

¢ on the growth of structures. The logarithmic growth rate provides a useful

s

way to distinguish between DE/MG gravity and ACDM [Amendola et al.| 2016}
[Blanchard et all [2019] [Dossett & Ishak] 2013} [Kunz & Sapone| [2007].

Since the logarithmic growth rate is in general scale dependent, we compute it
for different scales by studying the evolution of the comoving matter density con-
trast A,,, which we define for this purpose through €2,,A,, = QAp + QeamAcdm.
We compute A,, with the linear Boltzmann code CLASS and look at the evolution
for wavenumbers k£ = 0.5 Mpc™! and k& = 10 Mpc~! for the model with ¢ = 1077
which corresponds respectively to a mode well outside and a mode well inside
the sound horizon. We compare the logarithmic growth rate from the two modes
for ¢ = 1077, and in addition & = 0.5 Mpc™! for ¢ = 1, with ACDM in the
bottom right panel of Fig. 3.1 As expected, for the mode k = 0.5 Mpc~! in the
case where ¢? = 1, as it is well inside the sound horizon, the result matches with
the mode evolution of £ = 10 Mpc™! in the case where ¢ = 10~7. The mode
k = 0.5 Mpc™! has a different evolution in the case where ¢ = 1077 because it
is outside the sound horizon and the perturbations in the dark energy field are
therefore not suppressed.
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3.3 Observables

Solving the null geodesic equation (k*V,k, = 0) for a light ray with wavevector
k* in a perturbed FLRW universe results in a change in position and energy of
the light beam emitted from the source. The apparent comoving 3D position of
the source reads [Adamek et al] [2020b| [Bonvin & Durrerj 2011} [Breton et al}
2019 [Challinor & Lewis| R011] [Yoo et al] 2009]

1 Xs
5= ysm+ —— 5zn—/ c =) V(@ + T)d
X 7.02) o O = x) Yl )dx
————
redshift perturbation

weak gravitational lensing

—n /Oxs(cp FU)dy, (3.10)

Shapiro time delay

where s is the observed position in redshift space, and n and ys are respec-
tively the unperturbed direction vector and unperturbed comoving distance to
the source. Furthermore, V, = (¥ — n ® n)V is the projected gradient perpen-
dicular to the line of sight, x is the comoving distance and Hg(z) is the Hubble
rate at the unperturbed redshift z of the source. The first term in Eq. (3.10)
corresponds to the unperturbed position, the second term corresponds to the
redshift perturbation which is computed in Eq. (3.11)), the third term (weak
gravitational lensing) yields an angular deflection of the source position on the
2D sphere, and the last term changes the radial position due to the Shapiro time
delay.

Using the time component of geodesic equation one obtains the redshift per-
turbation 0z =z — z as

xs (U + P
dz=(1+2) ln-('vs—vo)—i-\lfo—\lfs—/ de] . (3.11)
—_——— A/—/ 0 87_
Doppler gri‘éﬁ?ﬁﬁm ISW-RS effect

As a result of Eq. (3.10) and Eq. (3.11)), the light ray along its path is deflected,
redshifted and delayed due to the different physical phenomena, namely weak
gravitational lensing, integrated Sachs-Wolfe and Rees-Sciama (ISW-RS) effect
and Shapiro time delay. In addition, there are two local (non-integrated) con-
tributions to the redshift: the relativistic Doppler effect (due to the peculiar
velocities v; and v, of the source and observer, respectively) and the gravita-
tional redshift (ordinary Sachs-Wolfe effect). Among these, the weak gravitation
lensing, ISW-RS, Shapiro time delay and gravitational redshift all depend di-
rectly on the configuration of the gravitational field. If they can be observed
independently they can be used as a probe of DE/MG. In the current work we
are going to look at each individual aforementioned effect to study the impact of
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k-essence clustering dark energy. It is important to point out that the Doppler
term is also expected to be a powerful probe of dark energy and is worth to be
studied in detail. However, in this paper we only focus on the physical effects
coming from the metric perturbations ¥ and ®. These have the advantage that
they can be observed (as integrated effects) even in places where there are no
visible sources, like e.g. in voids which are naturally expected to be dominated
by dark energy.

In the following subsections we shall introduce and derive the relevant expres-
sions for each effect separately and we will discuss why each of these observables
could be potentially used to put constraint on DE/MG models, especially clus-
tering dark energy.

3.3.1 Weak gravitational lensing

The light from distant objects is deflected due to inhomogeneities as it travels
through the intervening large scale structure in the Universe. The deflection an-
gles are usually small at cosmological scales and this phenomenon is called weak
gravitational lensing. As mentioned already, weak gravitational lensing directly
probes the distribution of matter and energy, including dark matter and dark en-
ergy, which makes it a unique tool to constrain the cosmological parameters
let al] R014a] [Bartelmann & Schneider], 2001} [Hassani et al] 2016 [Hikage et all
019] [Lewis & Challinor] 2006} [Refregier] R003]. Weak gravitational lensing can
be observed through the statistics of cosmic shear and cosmic convergence, as
we will summarise briefly in the following.

Cosmic shear refers to the change of the ellipticities of galaxies observed on the
far side of the gravitational lens. The cosmic convergence, on the other hand,
magnifies/demagnifies the sizes and magnitudes of the same galaxies [Alsing]
fet al} 2015 [Mandelbaum} [2018]. The first detection of cosmic shear have been
done about 20 years ago [Bacon et al] 2000} [Van Waerbeke et all] [2000], while
cosmic convergence was measured for the first time in 2011 [Schmidt et al] 2011].
Since then the precision in cosmic shear and cosmic convergence measurements
has been improved and these two have become some of the most promising probes
of dark energy and modified gravity [Amendola et al] 2008} [Hannestad et al)
2006} Jain & Taylor| 2003}, [Spurio Mancini et al|, 2018].

In[Adamek et al][2019], some of us have implemented a ray-tracing method to
analyse relativistic N-body simulations performed with the code gevolution. In
this method one solves the optical equations in the scalar sector of gravity without
any approximation and additionally keeps track of the frame dragging to first
order. Weak-lensing convergence and shear obtained with this numerical method
were studied in more detail in [Lepori et al] [2020]. While other approaches often
try to reconstruct the signal from the mass distribution, our method works with
the metric perturbations directly and is therefore more robust once we consider
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DE/MG like in the present work. To this end we have recently implemented the
same light-cone analysis and ray-tracing method in k-evolution. Here, however,
we compute each effect only to first order in ® and ¥, and we neglect the frame
dragging. For the purpose of discussing angular power spectra this is sufficient,
as nonperturbative effects (in the ray tracing?) would only enter at a detectable
level for very high multipoles that are not resolved in our maps.

In the first order weak gravitational lensing formalism one introduces the
lensing potential 1 (n, z) defined as

_ Xs Xs — X

b(n, z) = —/ dy (@ + W), (3.12)
0 XsX

where the redshift z and the source distance y, are related through the back-

ground distance-redshift relation, and the integration is carried out in direction

n using the Born approximation.

Using the gradient V on the 2D sphere we can calculate the deflection angle
as a® = 0% — §° = V%), which results in the lensing term in Eq. (3.10). The
Jacobi map, which is a map between the unperturbed source angular positions
s and the observed angular positions 0,, i.e. Ay, = 00%/ 69;’, contains the full
information for weak gravitational lensing and reads

Il—k—m W=7
A= , (3.13)

—w—=7 l—Kk+m

which at leading order is rewritten in terms of the gradients of the lensing po-
tential,

A=1+ (VaVi) . (3.14)

Note that this also implies w = 0 at leading order. We can extract the conver-
gence x and the complex shear from the lensing potential as

1.
K= —§v2¢, (3.15)
. ey o e
Y=mtin=—3 (V= V3) v —iViVag (3.16)

The relation between a non-perturbative geometrical description and these first-
order quantities is discussed in detail in [Lepori et al.|[2020].

The lensing potential, convergence and complex shear as scalar functions on
the 2D sphere may be expanded in the basis of spherical harmonics Yy, (n),

X(n)=> XY (n). (3.17)
Im

2We remind the reader that ® and ¥ themselves represent nonperturbative solutions ob-
tained with full simulations.
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Assuming that these functions obey statistical isotropy, the two-point function
of the expansion coefficients Xy, is diagonal in ¢ and m and we can define the
angular power spectrum C as,

<Xngg/m/> = 5@@/5mm/CgX. (318)

Our code uses directly Eq. (3.12) to construct the lensing map and then computes
the angular power spectrum from the map. We can however also compute an
expression for the weak-lensing C' by considering the two-point function of the
integrand of Eq. (3.12) and using Eq. (3.15)) in harmonic space,

O = 4n20? (€+1)2/Ook2dk/ Ay X~ X/Xsd X X
0 0

x [T+ n(k,x)][1+ n(k, X)) Je(kx)Je(k’x )Ps(k,x;x'), (3.19)

where Pg(k, x, X’) is the unequal-time correlator of the gravitational potential in
Fourier space defined by

(@(k,x)2" (K, X)) = (27)%0p (k — K') Py (k, x, X) - (3.20)

Moreover, according to Eq. (3.8) the gravitational potential unequal-time corre-
lator may be written based on the one of matter as follows,

Py (k,x,x') = k7" (4wGNﬁ%)2u(k, Xk, X')
X [14+ 2001+ 2(X)] Pa,. (k. x, X)) - (3.21)

In the last few equations, we use the shorthand p(k, x) for u (k, z(x)) and similar
for n, Py and so on.

The lensing signal, as a result, responds to the DE/MG models in multiple
ways: at the background level through a change in the distance-redshift relation,
and at the level of perturbations through a modified growth and through the mod-
ifications encoded in the p(k,z) and n(k, z) parameters [Spurio Mancini et al)
2018] [Takahashi et al] 2017], specifically through the combination ¥ = u(1+7)/2
that describes the modification of the lensing potential [Amendola et al.| [2008].
In Sec. 3.5| we will compute the lensing signal for two fixed source redshifts,
namely z = 0.85 and z = 3.3, in N-body simulations to study the effects of dark
energy clustering and of the expansion history on the lensing.

It is also worth mentioning that at leading order in the absence of systematics
and shape noise [Kohlinger et al] 2017] the convergence angular power spectrum
contains the full lensing information. Decomposing the shear into rotationally-

invariant E and B components one can show from Eq. (3.14) that [Becker} [2013]

1 (€ +2)!
TE __ K
Ci _62(£+1)2(£—2)!Cf’ 399
o 1 (£+2)!Cw_0 (3:22)
T rer12(e-2)0
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In the following sections we therefore only discuss the convergence power spectra.

3.3.2 Integrated Sachs-Wolfe and non-linear Rees-Sciama
effect

If the light rays from source galaxies traverse a time-dependent gravitational
potential then in general their energy will change [Sachs & Wolfe] [1967]. Specif-
ically, the light is redshifted for rays passing through a growing potential well,
and blueshifted if the potential well is decaying. This effect is known as late
integrated Sachs-Wolfe effect (late ISW) and is a powerful probe of dark energy
at low multipoles.

During matter domination and in linear perturbation theory the gravita-
tional potential wells remain constant in time and as a result the photons do not
gain or lose energy along their trajectories after accounting for the expansion of
the background. But when dark energy becomes important and the expansion
rate of the Universe deviates from the matter-dominated behaviour, the gravita-
tional potential decays at linear scales. As a result, photons gain energy and are
blueshifted as they travel through over-dense regions while they lose energy and
are redshifted as they travel through voids [Ade et al [2015a] [Carbone et al
. In this way, the late ISW effect induces additional anisotropies in the
power spectrum of the cosmic microwave background (CMB) radiation, primar-
ily at large scales. These anisotropies are correlated with the large-scale structure
as they are due to evolving gravitational potential wells.

In addition to this effect in linear perturbation theory, the perturbations on
small scales and at late times evolve non-linearly. The non-linear large scale
structure of the Universe induces additional energy changes in the light rays as
they pass through these structures. This so-called Rees-Sciama effect
enhances the ISW effect in under-dense regions and decreases it
in the over-dense regions as the non-linear growth of structure acts opposed to
dark energy [Cai et al] [2010].

The linear late ISW and non-linear Rees-Sciama effects (abbreviated as ISW-
RS when combined) are sensitive to the background evolution and growth of
structures at late times, when the dark energy dominates over other components
[Adamek et all [2020b] [Beck et al} [2018] [Cabass et al} [2015} [Khosravi et al.
RoIg),

Direct measurements of the ISW-RS signal from CMB data is demanding,
and as a result it is detected indirectly, either by cross-correlating large scale
structure data and CMB maps [Ade et al| [2016] [Francis & Peacock}, 2010}, [Peiris]
[& Spergell 2000} [Scranton et al} [2003} [Seljald [1996] or by stacking clusters and
voids to enhance the signal [Ade et al] 2016] [Cai et al] 2014 017 [Granett]
, . The effect is also detected through the ISW-lensing bispectrum
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using Planck data [Ade et al [2014b].

According to Eq. (3.11), the term responsible for the ISW-RS effect yields a
change in CMB temperature,

On, ) = 8 B2 _ o+
T 1+2z Jo or

where x; is the distance to the last-scattering surface for the CMB. In the pres-
ence of DE/MG the gravitational potentials ® and ¥ are modified as a result
of Eq. (3.8) and Eq. (3.9) for the gravitational slip and clustering parameters
n(k, z), u(k,z). It is also interesting to note that these modifications are pro-
jected in a different way for the ISW-RS signal and the lensing signal, and thus
these two could probe DE/MG in independent ways. Following the discussion in
the previous subsection, O(n, z) may be expanded in terms of spherical harmon-
ics and one can compute the ISW-RS angular power spectrum. Taking the time
derivative of the Hamiltonian constraint (the modified Poisson equation) (3.8),
and replacing ¥ through (3.9)), results in a constraint equation for 9 (® + V) /0T
which in general is a function of u(k, z), n(k, z) and their time derivatives:

a(cp(; ) H;;) [M & 2) anng, 2)

— (1 + (K, 2)) <u(k, z)f(kl’ i)z_ L a“gi’ Z)ﬂ (3.24)

Writing this as 0 (® 4+ V) /01 = g(k, 2) A, we find
09 = 1677 / “r2dk / Py / ok je(kY)
0 0 0
X g(k, x)g(k, X" )Pa,. (k. x,xX') . (3.25)

dx, (3.23)

= 47TGNCLQﬁmAm

In this article we use ray tracing to compute the ISW-RS signal according
to Eq. (3.23) by integrating along the past light cone to the source redshifts
z = 0.85 and z = 3.3 as in the previous section. This can be seen either as
a direct contribution to the observed redshift of the sources, or as a fractional
contribution to the CMB temperature anisotropy that captures the part of the
signal that is generated by the structure out to that distance and that could
therefore be constrained through a cross-correlation of the CMB with large-scale
structure. We use the ISW-RS angular power spectra in Sec. 3.5 to measure the
response of this signal to different k-essence scalar field scenarios.

3.3.3 Gravitational redshift

The light rays emitted from source galaxies in the potential well of galaxy clus-
ters and dark matter halos are expected to be redshifted/blueshifted due to the
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difference in gravitational potential between the source galaxy and the observer.
This effect is known as gravitational redshift [1995], or as ordinary Sachs-
Wolfe effect in the context of CMB physics , and is the second term
in the full expression written in Eq. (3.11)),

Ozgray = (14 2) (U, — W) . (3.26)

For typical cluster masses (of order ~ 10 M) the gravitational redshift is esti-
mated to be two orders of magnitude smaller than the Doppler shift [the first term
in Eq. (3.11)] coming from the random motion of source galaxies [1995].
The technique to extract the gravitational redshift signal from other dominant
signals depends on the fact that the Doppler shift results in a symmetric disper-
sion in the redshift-space distribution, while the gravitational redshift changes
the mean of the distribution |[Broadhurst & Scannapieco] 2000} [Kim & Croft}
[2004]. In |Wojtak et al|[2011] the first measurement of gravitational redshift of
light coming from galaxies in clusters was carried out by stacking 7800 clusters
from the SDSS survey in redshift space. The signal detection was used to rule
out models avoiding the presence of dark matter and also to show the consis-
tency of the results with the predictions of general relativity. The gravitational
redshift signal was detected [e.g. in |[Jimeno et al|[2015], [Sadeh et al] [2015]] on
scales of a few Mpc around galaxy clusters and recently in elliptical galaxies
using spectra from the Mapping Nearby Galaxies at Apache Point
Observatory (MaNGA) experiment.

The gravitational redshift as an observable is a prominent and direct probe
of gravity at cosmological scales [Alam et al] [2017b| [Wojtak et al| [2011]. We
expect to see the effect of dark energy perturbations directly in the gravitational
redshift signal since U o u(k, 2)n(k, 2) A, see Egs. (3.8) and (3.9). Hence,

Oy = 86 HY2, [1+ 2(x.)]"
oo dk |
X/O ﬁﬁ(’fxs)uz(hxs)nQ(k,xs)PAm(k:,xS). (3.27)

In Sec. 3.5 we study the effect of k-essence dark energy on the gravitational
redshift signal.

3.3.4 Shapiro time delay

In addition to all the effects discussed in the previous sections, the gravitational
potential of large-scale structure perturbs the interval of cosmic time while a
photon traverses a given coordinate distance. This effect is known as Shapiro

time delay and is first discussed and introduced in 11964] as a fourth test
of general relativity.
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While the gravitational lensing is due to the gradient of the projected po-
tentials along the photon trajectories and is weighted by the lensing kernel, the
Shapiro time delay is proportional to the projected potential itself. As a result
we expect much more signal at high multipoles from the lensing convergence
compared to the Shapiro time delay, due to the additional factor of ~ ¢2.

Due to Shapiro time delay the last scattering surface is a deformed sphere
as different light rays travel through different gravitational potentials to reach
us. All the photons we receive from the last scattering surface were released
almost at the same time, so the time delay means that the photons reaching
us from different directions have started at different distances from us. The
modulation of the spherical surface due to Shapiro time delay is ~ 1 Mpc
, . The effect of Shapiro time delay on the CMB temperature and
polarisation anisotropies is studied in[Hu & Cooray| [2001]. They show that, while
it is difficult to extract the Shapiro time delay signal from the data, neglecting
it would introduce a systematic error. They argue that the Shapiro time delay
should be considered in order to reduce the systematics in the analysis, especially
for future high precision experiments.

In an estimator quadratic in the temperature and polarization
fields is introduced to provide a map of the Shapiro time delays as a function
of position on the sky. They show that the signal to noise ratio of this map
could exceed unity for the dipole, so the signal could be used to provide an
understanding of the Universe on the largest observable scales.

As discussed in , for tests of the equivalence principle at high
redshift that rely on the Shapiro time delay effect, potential fluctuations from
the large scale structure of the Universe are at least two orders of magnitude
larger than the gravitational potential of the Milky Way. This suggests that the
effect of dark energy on these potentials needs to be considered in order to model
the Shapiro time delay accurately. From the last term in Eq. (3.10) we get

Ar=(1+3) At =— /0’“(@ +W)dy, (3.28)

and hence

Ar 2 [0 Xs Xe o). . /
CA™ = 167 /0 k dkz/o dX/O dx'je(kx)je(kx')
x (14 n(k, )] [1 +n(k, X)) Ps(k, x,x') - (3.29)

The dependence on pu(k, z) is evident from Eq. (3.21). This expression can be
compared to Eq. (3.19) where dark energy enters identically in the integrand,
but the effect is weighted differently along the line of sight due to the lensing
kernels. In our numerical analysis we obtain sky maps of the Shapiro time delay
by directly solving Eq. (3.28).
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3.4 Simulations

The results presented in this paper are based on simulations performed with
the relativistic N-body codes k-evolution |[Hassani et al] [2019a[, which includes
non-linearly clustering dark energy in the form of a k-essence scalar field, and
gevolution [Adamek et al| [2016a] for ACDM and cases where linear dark energy
perturbations are sufficient [see Fig. 1 in [Hassani et al| [2019a]]. We also com-
pare our results from these two N-body codes with the linear Boltzmann code
CLASS [Blas et al.} 2011¢].

In gevolution and k-evolution, for a fixed observer, a “thick” approximate
past light cone is constructed that encompasses a region sufficiently large to
permit the reconstruction of the true light cone following the deformed photon
trajectories in post-processing [Adamek et al| [2019]. The metric information for
this thick light cone is saved in spherical coordinates pixelised using HEALPix
|Gorski et al| [2005]. This lets us compute light-cone observables including weak
gravitational lensing, ISW-RS, Shapiro time delay and gravitational redshift in
post-processing. In the present work we use a fast pixel-based method to solve
the integrals of Egs. (3.12), (3.23)) and (3.28)) in the Born approximation, given
that post-Born corrections typically affect the angular power spectra only at very
high multipoles. A comparison of this approach with “exact” ray tracing of the
deformed geodesics is presented in [Lepori et al| [2020] for the case of the weak
lensing convergence [see also [Pratten & Lewis| [2016]] and justifies the use of the
Born approximation for the multipoles discussed here. Note, however, that post-
Born corrections can play an important role in higher-order correlation functions
like the angular bispectrum.

For illustration, in Fig. 3.2 the maps of each physical effect from a ACDM
simulation are shown in the left panels. In the right panels the difference between
the maps from k-essence with wy = —0.9 and ¢ = 1077 and k-essence with
wy = —0.9 and ¢ = 1 are shown. Since the seed number of the simulations
are identical, this shows the effect of k-essence clustering on each map, because
k-essence does not cluster significantly for the case with high speed of sound
squared, ¢2 = 1.

In our simulations we place the observer in the corner of the box at position
(0,0,0) in Cartesian coordinates. We store data on the past light cone of the
observer on the full sky out to a comoving distance of x; = 2015 Mpc/h, which
corresponds approximately to z = 0.8, and out to a comoving distance of y, =
4690 Mpc/h or a corresponding approximate redshift of z = 3.3 for a pencil
beam covering a sky area of 1932 sq. deg. in the direction of the diagonal of the
simulation box.

The simulation boxes have a comoving size of L = 4032 Mpc/h. The fields
evolve on a grid with Ngq = 4608 grid points, and the matter phase space is
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Figure 3.2: Left: Full-sky maps of the ISW-RS temperature anisotropy, gravita-
tional redshift, convergence and Shapiroqtjme delay from a ACDM simulation using
gevolution, integrated to z ~ 0.8 are shown. Right: Difference between the maps for
k-essence with ¢2 = 1077 and k-essence with ¢ = 1, both simulated with k-evolution.
All simulations used the same seed to generate the random initial conditions and hence
the difference maps indicate the importance of k-essence clustering.
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sampled by Nyq = 4608° (i.e. about 100 billion) particles. We use the following
cosmological parameters for all runs: the amplitude of scalar perturbations is set
to Ay = 2.1 x 107 at the pivot scale k, = 0.05 Mpc™', the scalar spectral index
is ny = 0.96, the Hubble parameter h = 0.67, cold dark matter and baryon densi-
ties are, respectively, Weqm = Qeamh® = 0.121203 and wy, = Qph? = 0.021996, and
the CMB temperature Toyp = 2.7255 K. We also include two massive neutrino
species with masses mq, = 0.00868907 eV and my = 0.05 €V with temperature pa-
rameter Tc,g = 1.95176 K, as well as N, = 1.0196 massless neutrinos
, . The effect of neutrino and radiation perturbations is approxi-
mated using the linear transfer functions from CLASS as described in
[& Hannestad| [2009] and [Adamek et al|[2017a], respectively. We only consider
spatially flat universes, 2, = 0, so that the dark energy density parameter is
given by Qpg =1 — >y Q2x where the sum goes over all species except dark en-
ergy. For the simulations where the dark energy is not a cosmological constant,
we use a constant equation of state relation given by wy = —0.9 and w, = 0.

The initial conditions for the simulations are set using the linear transfer
functions from CLASS at z = 100 and all the simulations are run with the same
seed number which helps us to compare the results.

For our k-essence cosmology we consider three different choices for the speed
of sound: ¢ =1, ¢ = 107" and ¢ = 107", Strong non-linear clustering of
the dark energy field is only expected in the last case, and to study this specific
aspect, we run two separate simulations for this case. In one simulation we use
the code gevolution which approximates the dark energy perturbations by their
solution from linear theory, see [Hassani et al| [2019a] for more details. In the
other simulation we use the code k-evolution in order to keep track of the dark
energy field’s response to the non-linear clustering of matter. For the higher
values of the speed of sound we only run k-evolution. We also do a reference run
for the ACDM model with gevolution — here there is no difference between the
two codes because dark energy perturbations are absent.

3.5 Numerical results

In this section we show the results of our numerical simulations. Once we have
generated the maps with our pixel-based numerical integrator we use ANAFAST
from the PYTHON package of HEALPix to compute the angular power spectra
and cross power spectra. However, for the pencil beam maps that cover only
about 5% of the sky we instead use the pseudo-C; estimator of [Szapudi et al
[2000], [Wandelt et al| [2001] to obtain the power spectra in an unbiased way. To
do so we use the POLSPICE package to compute the angular power spectra and
cross power spectra of the masked maps.
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Figure 3.3: Top panel: The angular power spectra of the lensing convergence
K at a source distance of ys = 2000 Mpc/h for some of our N-body simulations,
as well as predictions from CLASS with and without the Halofit prescription.
Based on the convergence test of App. we can trust the convergence spec-
trum here to ¢ ~ 200, which is roughly where the dots start to deviate from
the CLASS-Halofit curve. Relative spectra remain accurate to much higher /.
Bottom panel: Data points show the relative difference between the conver-
gence power spectra from our N-body simulations for different models, whereas
dashed lines represent the corresponding predictions from CLASS with Halofit,
shown in matching colours. The blue points show the impact of k-essence non-
linearities by comparing non-linear k-pggence from k-evolution with its linear
implementation in gevolution.
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Figure 3.4: Same as Fig. but for a source distance of y; = 4500 Mpc/h,
corresponding roughly to z =~ 3.3, and using N-body simulation data that covers
~ 5% of the sky. Again based on App. we can trust the dots in the top panel
to ¢ ~ 500, while the relative spectra shown in the bottom panel are again valid
to higher ¢.
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Figure 3.5: Top panel: The late-ISW-RS angular power spectra for different
cosmologies integrating to ys = 2000 Mpc/h are shown. Note that CLASS only
predicts the linear ISW signal without any non-linear correction applied. The
convergence study of App. indicates that these spectra are reliable to ¢ ~
500, the relative spectra are again valid to higher /. Bottom panel: The relative
difference between different models in the ISW-RS power spectra are shown. At
large scales the result from N-body codes agree with CLASS, however, already at
¢ < 100 the linear and non-linear curves diverge due to the non-linear RS effect.
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Figure 3.6: Same as Fig. but for a source distance of y; = 4500 Mpc/h,
corresponding roughly to z =~ 3.3, and using N-body simulation data that covers
~ 5% of the sky. From the convergence study in the appendix we conclude that
these spectra are reliable over the full range of scales shown.
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3.5.1 Weak gravitational lensing

In the top panel of Fig. 3.3/ the angular power spectra for the lensing convergence
from k-evolution, gevolution and CLASS integrating up to xs = 2000 Mpc/h are
shown, which corresponds to a source redshift of approximately z = 0.85. On
the top the data points show the results for ¢(¢ + 1)C} of two simulations with
2 = 107" and ¢ = 1, as well as for ACDM. In addition, results for CLASS are
shown for the case ¢ = 1077 as dash-dotted and dotted lines, respectively using
linear theory alone or Halofit [Takahashi et al| [2012] to model the non-linear
matter power spectrum.

The effect of matter non-linearities appears in the convergence power spec-
trum at ¢ ~ 100 where both Halofit and N-body simulation data start to diverge
from the linear prediction. In the bottom panel of Fig. 3.3 the relative differ-
ence between the convergence power spectra of different models are shown (we
always keep y, fixed which means that the source redshift can vary by a small
amount depending on the background cosmology). This quantifies the effect
of dark energy at different levels and can be compared to the prediction from
CLASS. The data points show again the numerical results from our N-body sim-
ulations, whereas the CLASS/Halofit results for the same model comparisons are
plotted as dashed lines using the same colours. Note that the comparison be-
tween k-evolution and gevolution for the case ¢2 = 1077 has no corresponding
prediction from CLASS, and quantifies the importance of the nonlinear modelling
of k-essence within the N-body simulations. To be specific, our convention is
AC,/Cy = (C’édataset b_ C’édataset 2)) / C’e(dataSet 2 where “dataset 17 and “dataset
2”7 are indicated in the legend of each figure.

At large scales, as expected, the results from CLASS and N-body simulations
agree very well, while at smaller scales some deviations are seen. The deviation
of the N-body results from the CLASS/Halofit prediction occurs mainly when
there is dark energy clustering which is more pronounced for the cases with low
speed of sound. Indeed, comparing the case ¢? = 1 with ACDM we find that
the CLASS/Halofit prediction is accurate at least up to £ ~ 1000, whereas for the
lowest speed of sound, ¢2 = 1077, significant disagreement between CLASS /Halofit
and N-body simulations appears already for multipoles ¢ = 100. This is in
complete agreement with our results in [Hassani et al| [2019b] where we show
that CLASS/Halofit gives the right clustering function u(k,z) for high speed of
sound.

Our comparison between the two simulation methods (k-evolution and gevo-
lution) for the case ¢ = 1077 shows that the non-linear response of k-essence to
matter clustering produces an effect of ~ 2% in the convergence power spectrum
at multipoles in the range of a few hundred.

According to Fig.[3.3| the effect of dark energy clustering can cancel the effect
of the background evolution with wy = —0.9 on the weak-lensing signal at large
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angular scales: the ~ 5% suppression when going from ACDM to wCDM with
¢? = 1 is compensated by an amplification of similar size when going from ¢? = 1
to low speed of sound. The scale up to which this cancellation works is set by
the sound horizon, and at very non-linear scales there is always some residual
suppression. In our scenario the cancellation happens only for the case wy > —1
when the linear growth rate is suppressed (see Fig 3.1)), while for the case with
wy < —1, where the growth rate is enhanced compared to ACDM, the background
evolution and the dark energy clustering effects would act in a similar way.

Fig. 3.4 is similar to Fig. |3.3 but shows results from the pencil beam map
integrating to a higher source distance of x5 = 4500 Mpc/h, corresponding ap-
proximately to redshift z = 3.3. As we have access to only ~ 5% of the sky
in this case, we have no information about the angular power spectra at low £.
The CLASS/Halofit and N-body simulation data agree better compared to the
lower redshift results, as the scale where the finite resolution of the simulation
affects the result is shifted to higher multipoles, see Appendix 3.A| [cf. also Ap-
pendix C of [Lepori et al] 2020]]. Moreover, the relative difference between the
angular power spectra is less substantial compared to lower redshift result which
comes from the fact that dark energy starts to dominate at lower redshift and
integrating to higher redshifts therefore effectively dilutes the signal.

The overall signal amplitude for lensing is larger at higher redshift owing
to the fact that it is an integrated effect. Thus, although the relative effect of
dark energy clustering is lower at higher redshifts, the detectability of the signal
is larger, and combining high and low redshift lensing data still significantly
increases the signal to noise ratio.

3.5.2 ISW-RS effect

In Figs. [3.5/and 3.6, the ISW-RS angular power spectra from our N-body simu-
lations and CLASS are shown and the different dark energy models are compared
in the bottom panel of each figure. The ISW-RS signal is very sensitive to the
clustering of dark energy and also its background evolution. Comparing dark
energy with low and high speeds of sound with ACDM, one finds a huge impact
~ 35% at z = 3.3 and ~ 30% at z = 0.85 from dark energy clustering which
makes the ISW-RS signal an excellent probe of this model.

It is also interesting to see that the non-linear RS effect starts to have impact
at larger scales than the scale of non-linearity in the lensing signal in Fig. 3.4
which is also observed and discussed in [Adamek et al.| [2020b}, [Cai et al.| 2009b].
To verify that the non-linear RS indeed appears in lower moments we design a
numerical experiment to decrease the non-linear RS signal by decreasing Ay, the
amplitude of scalar perturbations. This shifts the non-linear scale and allows us
to separate the linear ISW effect from higher-order corrections. Our numerical
results, shown in Appendix 3.B| verify that the non-linear RS effect is responsible
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Figure 3.7: Top panel: The cross power spectra of lensing convergence x and
ISW-RS integrated to comoving distance x5 = 2000 Mpc/h from k-evolution
with two speeds of sound ¢? = 1077 and ¢ = 1 are shown, together with our
ACDM reference run. Bottom panel: The relative difference between the cross
power spectra for several models is shown.

120



3.5. Numerical results

Xs=4500 [Mpc/h], z=3.3

® 8
= ’ s
v 1078, 8.5
= 8%
X ll..
X, 'l~
= 1079 _ L Y ;
— e k-evolution, c2=10""
. ede,
+ e k-evolution, c2=1 ‘.{
. [ ]
) 10-10]/ * gevolution, ACDM -
) °
- o O
e c2=10"7, k-evolution - c2=10"7 gevolution ~ * |
0.351 e ¢2=10""7 k-evolution - c2=1 k-evolution

e ¢2=10"7 k-evolution - ¢2=10"% k-evolution
0.301 e ¢2=10""7 k-evolution - ACDM
e ¢2=10"* k-evolution - ACDM

0.25] e ¢2=1 k-evolution - A\CDM
0.20" . ‘
0.15; P e
- o © ° o
K\i 0.101 . ’
O 0.05] ’
J S
0.00] - T3 oroesgdedg et
° ° o f ..-'
_0.05< e © . L. ‘.. o
_0.10‘ ..... ..l.l .... ... Y
~0.15 S N
~. ..l
—0.20; ‘
© W% e,
—-0.25 101 102

{
Figure 3.8: Same as Fig. but for a source distance of y; = 4500 Mpc/h,

corresponding roughly to z ~ 3.3, and using N-body simulation data that covers
~ 5% of the sky.
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for the deviation at lower ¢ compared to lensing. This is maybe not too surprising
given that the lensing kernel suppresses contributions from the vicinity of the
observer which would be projected dominantly to low multipoles.

The non-linear RS effect is not implemented in CLASS and as a result we a
see power drop at £ ~ 100 in the linear power spectra (top panels). Moreover, it
is interesting to see that unlike the lensing power spectra, the effect of clustering
dark energy and background evolution do not cancel each other in the ISW-RS
power spectra and we obtain ~ —20% relative difference between ¢? = 107" and
ACDM.

As seen in Fig. 3.0 the signal itself is stronger at higher redshift as it is an
integrated signal. However, depending on the parameters the relative difference
can change positively or negatively compared to the lower redshift comparison.
This is because more linear ISW and less non-linear effect is accumulated at high
redshift.

As explained in Sec. 3.3.2 the direct detection of ISW-RS signal is difficult
and it is therefore usually detected indirectly, e.g. via cross correlation with other
quantities. As an example, we report the convergence-ISW-RS cross power spec-
tra in Fig.|3.7and Fig. 3.8. Fig.|3.9 shows the cross-correlation coefficient, i.e. the
cross power normalised to the r.m.s. of each individual signal. The effects of dark
energy clustering and expansion history in the cross power spectra follows sim-
ilar trends as seen for the individual probes. Interestingly, the cross-correlation
coefficient saturates to ~ 0.8 at low ¢ almost independently of the dark energy
model. This is because virtually all the effect is taken up by the normalisation.
However, the non-linear evolution is different in different models, which leads to
an absolute change, ACY, in the cross-correlation coefficient of a few percentage
points at high multipoles.

3.5.3 Gravitational redshift

In Fig.|3.10/the gravitational redshift angular Jpower spectra for different scenarios
are compared. The top panel shows £(£+1)C,”*™* for three cases, and the bottom
panel the relative difference between different angular power spectra. Like for
the lensing signal, the effect of clustering and background almost cancel at large
scales by coincidence: Comparing power spectra from dark energy with two
different speeds of sound (¢ = 1 and ¢? = 1077) we find a difference of ~ 2%
due to the clustering of dark energy. The relative difference between ACDM
with wCDM with ¢2 = 1 reaches ~ —3% due to different background evolution.
But the difference between ACDM and k-essence with a low sound speed is only
about 1%. Fig.|3.10/also shows that the effect of non-linear dark energy clustering
becomes visible once again for ¢ 2 100, and is generally rather small, of the order

of 1%.
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Figure 3.9: Top panel: The cross-correlation coefficient of lensing convergence
r and ISW-RS integrated to comoving distance x, = 2000 Mpc/h for the results
shown in Fig. [3.7. Bottom panel: Absolute difference in the cross-correlation
coefficient for different models.
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It should be noted that the angular correlation of the gravitational redshift
will be very difficult to measure from large-scale structure observations. However,
the line-of-sight correlations produce interesting signatures in redshift space, in
particular a dipole in the correlation function of different matter tracers [Breton|
fet al} [2019] [Wojtak et al] [2011].

3.5.4 Shapiro time delay

In the Fig. 3.11/ the angular power spectra for the Shapiro delay signal is plotted.
Our result for the relative spectra show a similar pattern as for the gravitational
redshift. The effect of dark energy clustering and dark energy background evolu-
tion have a ~ 3% effect on the Shapiro delay power spectrum that again cancel
to a significant degree when combined. The non-linear dark energy clustering
contributes again about a 1% effect for £ = 100. We only report the Shapiro
delay integrating to x5 = 2000 Mpc/h. The cosmological Shapiro time delay
will be extremely challenging to measure. It contributes only to subdominant
relativistic corrections in the redshift-space clustering, and we are not aware of
a probe that easily isolates this effect.

3.6 Conclusion

We are, observationally speaking, in the golden era of cosmology and in the near
future we will be able to put stringent constraints on dark energy and modified
gravity models. However, to be able to unlock the full power of future observa-
tions we need to have a precise understanding of the non-standard scenarios well
into the nonlinear regime. The precise modeling of structure formation and cos-
mological observables covering linear to nonlinear scales can be directly achieved
using full N-body simulations.

In this work we have presented the numerical results for the effect of cluster-
ing dark energy (specifically the k-essence model) on the observables extracted
from the gravitational potential, namely the weak gravitational lensing, ISW-RS,
Shapiro time delay and gravitational redshift. The observables discussed in this
paper are calculated via a ray-tracing method integrating to the source redshifts
z ~ 0.85 and z & 3.3 covering respectively a full sky map and a pencil beam
in our simulations. Comparing results from the two N-body codes gevolution
and k-evolution with the linear Boltzmann code CLASS we are able to assess the
different effects coming from the dark energy, specifically the effect from a differ-
ent background evolution, from linear dark energy perturbations and from the
non-linear evolution of dark energy itself.

In summary, our numerical analysis of the angular power spectra of each
observable shows that:
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Figure 3.10: Top panel: The gravitational redshift angular power spectra of
different cosmologies for a source plane at comoving distance xs = 2000 Mpc/h.
Bottom panel: The relative difference between the angular power spectra of
the gravitational redshift in different cosmologies.
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Top panel: The angular power spectra of Shapiro time delay

integrated to comoving distance xs = 2000 Mpc/h for different cosmologies.
Bottom panel: The relative difference between Shapiro delay angular power
spectra for different models.
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3.6. Conclusion

e The ISW-RS signal is the most powerful probe of different background
evolution and the clustering of dark energy. Comparing dark energy with
various speeds of sound (¢2 = 1077, ¢ = 107* and ¢? = 1) with ACDM
one finds a significant impact of clustering dark energy on the ISW-RS
angular power spectra reaching ~ 35% at z = 3.3 and ~ 30% at z = 0.85.
Moreover, by comparing the linear ISW signal from CLASS with the non-
linear signal from our N-body codes we are able to determine the scale and
amplitude of the nonlinear Rees-Sciama effect in the k-essence scenario.

e The effect of dark energy on the weak gravitational lensing signal could
reach ~ 5%. Interestingly, our numerical study shows that the effect of
clustering of dark energy and background evolution can partially cancel
each other.

e The gravitational redshift and Shapiro time delay signals are less sensitive
to the dark energy clustering and background evolution, as dark energy
would change these signals at most by ~ 3% and ~ 4%, respectively, due
to the different background evolution. An additional change by ~ 2% and
~ 3% can occur due to the clustering of dark energy.

Our numerical study shows how direct probes of the gravitational field, in par-
ticular weak lensing and the ISW-RS effect, can be used to constrain the nature
of dark energy. It also highlights the relevance of including non-linear effects
and provides a framework to model these effects in full N-body simulations.
With this we deliver some valuable guidance for the implementation of analysis
pipelines that will be used to process the vast amount of upcoming observational
data, with the aim to derive robust constraints on dark energy parameters.
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Carbon footprint: Our simulations consumed about 9800 kWh of electrical
energy, which is equivalent to 1960 kg CO, with a conversion factor of 0.2 kg CO, kWh ™!
from [Vuarnoz & Jusselme| [201§], table 2, assuming Swiss mix.

Data availability

The N-body codes used for the simulations and data of this paper will be pro-
vided upon request to the corresponding author. The version of gevolution used
in this work, together with the map-making tools, is available on this public
repository: https://github.com/gevolution-code/gevolution-1.2
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3.A. Convergence test

APPENDIX

3.A Convergence test

In this appendix we compare the results from our high-resolution simulations
(Ngria = Npa = 4608°) with some lower-resolution ones (Ngiqa = Npa = 2304%)
for ISW-RS and convergence maps at both redshifts z = 0.85 and z = 3.3.
This shows us at which scales the low-resolution simulations have converged to
a certain numerical precision, and we can make a reasonable guess on how well
we should be able to trust our final results from the high-resolution simulations.

According to Fig. [3.12 the convergence angular power spectrum is converged
to within 5% up to £ ~ 100 and ¢ ~ 250, respectively for a source redshift of
z =0.85 and z = 3.3. Assuming that a factor of 2 in spatial resolution translates
to a similar improvement in the angular resolution, we may want to trust our final
results up to £ ~ 200 and ¢ ~ 500, respectively, maintaining a ~ 5% absolute
convergence threshold. However, the leading-order error due to finite resolution
is usually almost independent of cosmology, which means that it cancels out
to high accuracy when taking ratios. Whenever we show relative changes, we
therefore expect much better numerical convergence. In the bottom panel of the
Fig. 3.12 we show the relative change between ACDM and wCDM convergence
power spectra for two different spatial resolutions. In these relative spectra the
curves with different resolutions agree at all ¢ shown, explicitly demonstrating
the cancellation of the finite resolution error in the relative power spectra.

Considering Fig. 3.13 we can draw similar conclusions for the numerical con-
vergence of the ISW-RS signal. The 5% error is reached at somewhat higher
¢, which means we may be able to trust our final results up to £ ~ 400 and
¢ ~ 800 for the two redshift values if we apply the same requirement on absolute
numerical convergence. Also according to the bottom panel of the figure the
relative spectra from the two different resolutions are consistent so that we can
trust the ISW-RS relative difference power spectra at all scales of interest. We
emphasise again that the results shown in this paper were obtained using the
higher-resolution simulations.

3.B Non-linear Rees-Sciama effect
In this appendix we quantify in more detail the contribution of the non-linear
Rees-Sciama effect to the ISW-RS signal at low multipoles ¢ < 100. To this

end, we run additional simulations for the wCDM cosmology with ¢ = 1 and
for ACDM, but with the power of primordial perturbations, A,, reduced by
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Figure 3.12: Top panel: We compare the convergence power spectra from two
simulations with different resolutions, Ngiq = Npa = 46083 and Ngria = Npa =
23043, at two source redshifts z = 0.85 and z = 3.3. Middle panel: The
relative difference between the convergence power spectra of the same cosmology
but different resolutions of the simulations are shown. This gives us an estimation
of the finite resolution error on the convergence angular power spectra. The grey
areas show 1% and 2% numerical agreement. Bottom panel: Comparing the
relative change in the convergence power spectra between ACDM and k-essence
cosmology with the speed of sound ¢? = 1077 from two simulations with different
resolutions, Ngiq = Npa = 46083 and Ngrig = Npa = 23043, at source redshifts
z = 0.85 and z = 3.3. The dashed lines show the linear theory prediction
obtained from CLASS. The agreement d@@ss different resolutions shows that one
can trust the relative change of power spectra at much higher multipoles than is
the case for the individual power spectra themselves.
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Figure 3.13: Top panel: We compare the ISW-RS angular power spectra
from two simulations with different resolution, Ngiq = Npa = 46082 and
Ngia = Npa = 23043, at two source redshifts z = 0.85 and z = 3.3. Mid-
dle panel: The relative difference between the ISW-RS angular power spectra
of the same cosmology but different resolutions of the simulations are shown.
Bottom panel: The relative difference of ISW-RS angular power spectra be-
tween the k-essence cosmology with ¢ = 1077 and ACDM for two different
spatial resolutions Ngiq = Npa = 4608% and Ngiq = Npa = 23043 at two source
redshifts z = 0.85 and z = 3.3. The dashed lines show the linear theory pre-
diction obtained from CLASS. Like Fig. this figure shows that the finite
resolution effect is cancelled significantly in the relative changes of the angular
power spectra. 131
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Figure 3.14: Left: The ISW-RS angular power spectra for two different cos-
mologies, (wy = —0.9, ¢ = 1) and ACDM with standard and low value of A,
the amplitude of scalar perturbations. Right: The ratio of the ISW-RS sig-
nal from high value of A, to low value of A, are compared. The linear result
is constant at all scales, and is simply the ratio of the two values of A,. The
fractional contribution of the Rees-Sciama effect depends on wy mainly because

of suppressed growth and the corresponding shift of the non-linear scale with
respect to ACDM.

two orders of magnitude. As a result, the evolution is almost linear up to much
smaller scales, bringing the numerical result for the ISW-RS signal into very good
agreement with the calculation of the linear ISW alone as performed by CLASS.
This can be clearly seen in the left panel of Fig. where the simulations with
low A, remain consistent with the prediction from CLASS well beyond ¢ ~ 100.
Taking the ratio of spectra from the simulations with the standard value of A;
to the ones with low A,, we can therefore get a good estimate of the fractional
contribution of the Rees-Sciama effect. The result of this analysis is shown in the
right panel of Fig. 3.14, which suggests that the Rees-Sciama effect changes the
signal by a few per cent at very low ¢ < 20, and then gradually ramps up to reach
a ~ 100% correction at around ¢ ~ 100. Interestingly, the non-linear corrections
are systematically larger in ACDM, which can be explained by the fact that the
linear growth rate is slightly suppressed in our wCDM cosmology, see Fig. [3.1.
This, in turn, is expected to lead to a corresponding relative suppression of
second-order corrections like the Rees-Sciama effect.
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Chapter 4. Parametrising non-linear dark energy perturbations

Abstract: In this paper, we quantify the non-linear effects from k-essence
dark energy through an effective parameter i that encodes the additional contri-
bution of a dark energy fluid or a modification of gravity to the Poisson equation.
This is a first step toward quantifying non-linear effects of dark energy/modified
gravity models in a more general approach. We compare our N-body simulation
results from k-evolution with predictions from the linear Boltzmann code CLASS,
and we show that for the k-essence model one can safely neglect the difference
between the two potentials, ® — ¥, and short wave corrections appearing as
higher order terms in the Poisson equation, which allows us to use single pa-
rameter p for characterizing this model. We also show that for a large k-essence
speed of sound the CLASS results are sufficiently accurate, while for a low speed
of sound non-linearities in matter and in the k-essence field are non-negligible.
We propose a tanh-based parameterisation for u, motivated by the results for
two cases with low (¢2 = 1077) and high (2 = 10™*) speed of sound, to include
the non-linear effects based on the simulation results. This parametric form of
it can be used to improve Fisher forecasts or Newtonian N-body simulations for
k-essence models.

4.1 Introduction

The accelerating expansion of the Universe is now well established based on
observational results, for example from observations of the cosmic microwave
background (CMB) anisotropies [Planck Collaboration et al| [2016], type Ia su-
pernovae[Scolnic et al.|[2018], and baryon acoustic oscillations|Alam et al.| [2017a].
Current data are in agreement with a cosmological constant as the driving force
behind the acceleration. However, the cosmological constant suffers from se-
vere fine-tuning issues that motivated the development of a plethora of modified
gravity (MG) and dark energy (DE) models.

One of the simplest and most popular of these models is k-essencd!| featur-
ing a single scalar field minimally coupled to gravity. The k-essence model was
originally introduced to naturally explain why the universe has entered an ac-
celerating phase without fine-tuning of the initial conditions and the parameters
and also avoiding anthropic reasoning |[Armendariz-Picon et al.| [2001].

Understanding the mysterious nature of DE/MG has become one of the most
important unsolved problems in cosmology. Upcoming surveys[Aghamousa et al.]
[2016h], [Amendola et al] 201g], [Santos et al] [2015a], [Walcher et al] 2019] are
planned with the aim of understanding this component by probing the expansion
history of the Universe as well as structure formation with unprecedented pre-

Tt is worth mentioning that we use the term “k-essence” to refer to a general class of models
featuring either a canonical (quintessence [Peebles & Vilenkin| [T999]) or a non-canonical kinetic
term in the action.
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cision. These surveys will put tight constraints on the cosmological parameters,
including those that describe the physical properties of dark energy. While there
have been many studies (for a review see e.g.|[Amendola et al| [2018]) on probing
the DE/MG equation of state by observing the expansion history of the Universe,
a consistent study of these theories including the non-linearities of DE/MG is not
generally available. But to reach the full potential of constraining these theories,
a modelling of the observables up to non-linear scales will be necessary. To this
end, some of us have recently developed the N-body code “k-evolution” in which
we consider dark energy, in this case a k-essence scalar field, as an independent
component in the Universe. This code is described in more detail in the compan-
ion paper [Hassani et al| [2019¢], where we also study the effect of dark matter
and gravitational non-linearities on the power spectrum of dark matter, of dark
energy and of the gravitational potential, and compare k-evolution to Newtonian
N-body simulations.

Studying the non-linearities of such models in a consistent way enables us to
predict the effects of DE/MG perturbations on the cosmological parameters. A
full study of the k-essence model is particularly interesting as the dark energy
perturbations become important at different scales with different amplitudes,
depending on the equation of state w and speed of sound c¢,. For example,
in [Hassani et al| [2019¢] we show that k-essence structures for low speed of
sound, e.g. ¢ = 1077, can become highly non-linear at small scales and that
non-linearities have a large impact on quantities like the gravitational potential
power spectrum.

Providing a sufficiently precise modelling of power spectra specifically for k-
essence dark energy is the main goal of this article. We also discuss the different
sources to the Hamiltonian constraint in the presence of k-essence dark energy
to show that the impact of k-essence on power spectra can be captured by the
modified gravity parameter p on all scales of interest.

In Section 4.2 we review the theory of k-essence and describe the theoretical
framework. In Section 4.3 we describe the numerical results, based on the k-
evolution code [Hassani et al|[2019¢], a relativistic N-body code for clustering
dark energy, and in Section [4.4| we provide basic recipes for how to use our results
to improve Boltzmann and Newtonian N-body codes.

4.2 The k-essence model

k-essence theories are the most general local theories for a scalar field which is
minimally coupled to Einstein gravity and involves at most two time derivatives
in the equations of motion |[Armendariz-Picon et al.| [2000], |Gleyzes et al| [2015].
These theories are a good candidate for the late-time accelerated expansion as
well as for the inflationary phase. As a viable and interesting candidate for
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dark energy to be probed by future cosmological surveys, these theories are
implemented in several cosmological Boltzmann and N-body codes, including
CAMB [2000], CLASS [Lesgourgues [2011], coNCEPT [Dakin et al]
019, gevolution [Adamek et al] [2016¢] and recently in k-evolution [Hassani et al]
@] In k-evolution, contrary to other codes that only consider linear dark
energy perturbations, dark energy can cluster like the matter components which
enables us to study the effect of dark energy non-linearities in a consistent way:.

In k-essence theories the Lagrangian is written as a general function of the
kinetic term and the scalar field, P(X, ). We consider the Friedman-Lemaitre-
Robertson-Walker (FLRW) metric in the conformal Poisson gauge to study the
perturbations around the homogeneous universe.

ds* = a*(1)| — e2Vdr* — 2B;dx'dr + (e’%ézj + hij)dxidxj} , (4.1)

where 7 is conformal time, 2 are comoving Cartesian coordinates, ¥ and ® are
respectively the temporal and spatial scalar perturbations, and B; and h;; are the
vector and tensor perturbations. Using the scalar-vector-tensor (SVT) decom-
position we can recover the 4 scalar, 4 vector, and 2 tensor degrees of freedom
in the metric (from which after fixing the gauge two scalar and two vector de-
grees of freedom are removed), which we are going to use to obtain the equations
of motion for the perturbations. Our notation and the SVT decomposition are
briefly discussed in Appendix 4.C.

The full action in the presence of a k-essence scalar field as a dark energy
candidate reads

B 1
N 167TGN

S / J=gRd'z + / V=9 Lopd"z + / V=gLmd' ,  (4.2)
where Gy is Newton’s gravitational constant, g is the determinant of the metric,
R is the Ricci scalar, Lpg = P(X,¢) is the general k-essence Lagrangian in
which ¢ is the scalar field perturbation, X = —%g“”aﬂcpaygo is the kinetic term,
and L, is matter Lagrangian.

Variation of the action with respect to scale factor a(7) results in an equation
for the evolution of the scale factor (Friedmann equation),

3 —
57‘[2 = —47TGN(12T00, (43)

where H = a'/a and the prime here denotes the derivative with respect to con-
formal time. 77 is the background stress-energy tensor. The full stress-energy
tensor including matter (cold dark matter, baryons and radiation) and k-essence

is defined as
T — 2 0Lpg 2 0L,

= + .
V=900  V—90Gu
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We can parametrise the stress-energy tensor of a fluid with three parameters,
namely the equation of state w = p/p, the squared speed of sound c?, given
in the fluid rest-frame through dp = c?p, and the anisotropic stress . For k-
essence both w and ¢? can vary as a function of time, while o = 0
[2019¢]. However, in this work, we take w and ¢? to be constant. On the other
hand the divergence of the k-essence stress-energy tensor gives the equation for
k-essence density perturbations through the continuity? equation,

| 5 5 1 .
e = —(1+w)(aing—3<1>’)—3H( 52; Ez —w> 5DE+3<1>’<1+ 51; EE) Spe+ ;wngai (30-w),
(4.5)

where dpg is the k-essence density contrast and vhy is the velocity perturbation
of k-essence. In this form of the continuity equation we have included short wave
corrections that are discussed in more detail later in this section.

We note that in Newtonian gauge we have the relation dp = c2dp + 3H(
A)p(1 + w)f/k?, where we have introduced the adiabatic speed of sound ¢
ﬁ//p/

The variation of the action with respect to the lapse perturbation ¥, in the
weak field approximation, results in the Hamiltonian constraint [Adamek et al]

POT7H,

V20 = 3HD' + 3H*V + 5% D+ ArGna® (1 — 29) > pxdx (4.6)
X

2 _
s
2 _
a

where 0x = dpx/px is the Poisson-gauge density contrast for each species. We
usually split the total density perturbation pd into the contribution from the
different species that cluster, in our case cold dark matter, baryon, radiation and
the k-essence scalar field:

/35 = pcdmécdm + PDEéDE + Pbéb + prér ) (47>

where cdm, b, and DE respectively stand for cold dark matter (CDM), baryons,
and k-essence. The last contribution is due to relativistic species (radiation and
neutrinos) that we will neglect from now on as we are interested in late times.
This does however have to be taken into account when going to high redshift,
e.g. when considering the CMB. Moreover we define the short-wave corrections
S and relativistic terms R in the Hamiltonian constraint equation as follows,

R(x,7) = 3H® +3H*V (4.8)
1 ...
S()E,T) = §5ZJ(I)7¢(I)J—87TGNCL2(I)Z,5X5X . (49)
X

M

2In the companion paper [Hassani et al| [2019¢] we show that the Euler and continuity
equations are equivalent to the scalar field equation in the weak field regime.
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The relativistic terms R(X,7) become important on large scales where k ~ H.
The short wave corrections S(X, 7), on the other hand, are due to the weak field
scheme where we allow matter and k-essence densities to become fully non-linear
ie.

S ~ bpE ~ O(1) (4.10)

while the metric perturbations remain small. As a result in this scheme we
can have highly dense k-essence and matter structures while the metric is still
FLRW with small perturbations. More detailed discussions on the weak field
approximation are found in [Adamek et al| [2016¢], [Hassani et al|[2019¢]

4.3 Numerical results

4.3.1 The k-evolution code

k-evolution [Hassani et al.|[2019¢] is a relativistic N-body code based on gevolu-
tion [Adamek et al| [2016blic]. The full sets of non-linear relativistic equations,
six Einstein’s equations G, = 87G1T),, as well as the scalar field equation (lin-
earised in the k-essence field variables) are solved on a Cartesian grid with fixed
resolution [Adamek et al| [2017b], [Hassani et al| [2019¢] to update the particle
positions and velocities. While in k-evolution the dark energy component is con-
sidered as an independent element whose equation of motion is fully coupled to
the non-linear matter dynamics solved in the code, in gevolution it is not treated
as an independent component and only the respective linear solution from the
Boltzmann code CLASS is used to model dark energy perturbations. The effects
of non-linear clustering of the k-essence scalar field on matter and gravitational
potential power spectra are studied in [Hassani et al| [2019¢]. Also the effect of
k-essence on the turn-around radius is studied using k-evolution in
[2020].

In order to probe the non-linearities of both matter and k-essence scalar
field, we combined the data from two simulations with Ngiq = 3840?% with two
different resolutions: one with L = 9000~ *Mpc and one with a physically
smaller box with L = 1280 h~*Mpc, corresponding to respectively 2.3 h~'Mpc
and 0.33 h~*Mpc length resolution. Furthermore, to study the relativistic terms
which become important at large scales we also use a much lower spatial res-
olution simulation with Ngiq = 38403, L = 90000 h~'Mpc corresponding to
23.43 h~Mpc length resolution. In all of the figures, we remove the data with
wavenumbers larger than 1/7 of the Nyquist frequency of the simulation to min-
imize any finite resolution effect. Moreover, by having different simulations with
overlapping windows of wavenumbers we are able to test the convergence of the
simulations and thus have control over the errors coming from finite resolution
and finite box size (cosmic variance).
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In our studies we consider w = —0.9 which gives accelerated expansion and
is compatible with the current observational data [Amendola et al| [2018] and
two cases for the speed of sound, namely ¢? = 107 and ¢ = 107". These
two cases are interesting as their respective sound horizons correspond to linear
and non-linear scales. In fact, for the case with ¢2 = 107* the dark energy
perturbations decay significantly at the quasi-linear and non-linear scales as the
sound horizon wavenumber is about ks ~ 0.03hMpc™' and we do not expect
to see large difference between the k-evolution scheme and when dark energy is
treated linearly. In the case with ¢ = 1077 the sound horizon for dark energy
is at a much higher wavenumber, k, ~ 1hMpc ', and we are able to see the
dark energy perturbations impact on the other quantities. More details about
the results of the two speeds of sound can be found in [Hassani et al| [2019¢].

4.3.2 Sources to the Hamiltonian constraint

In this subsection we discuss the different sources to the Hamiltonian constraint
and according to the numerical results we argue that in the k-essence theories one
can safely neglect short-wave corrections and also that the gravitational potential
difference ® — W is negligible.

In Fig. 4.1] we compare all the terms to the Hamiltonian constraint (4.6); T'x
in the figures refers to /(X X*) in Fourier space. We also divide these terms
by H? to make them dimensionless. In the top-left plot the contribution from
relativistic terms, from the k-evolution code which is introduced in Section |4.3.1
is shown in solid lines and from the linear Boltzmann code CLASS [Blas et all
[2011b| in dash-dotted lines. These terms are the main contributions to the
Hamiltonian constraint at large scales and high redshifts, as the other three
terms decay at large scales. We note that the k-evolution and CLASS predictions
for the relativistic terms start to differ already at relatively large scales, which
comes from the difference between ®' power spectra in these codes which is
discussed in details in the companion paper [Hassani et al.| [2019¢].

In the top-right figure the contribution from matter (baryons and cold dark
matter) is shown. This term is the main contribution at small scales compared to
the other terms, as matter perturbations dominate at those scales. The bottom-
left figure shows the contribution from the short wave corrections to the Hamilto-
nian constraint, which is negligible. In the bottom-right figure the contribution
from k-essence for ¢ = 1077 is shown. The contribution from this term peaks
around the sound-horizon scale ks ~ 1h/Mpc. These plots allow to compare the
relative contribution of each term in the Hamiltonian constraint as a function
of scale and redshift; we should however not forget that the power spectra also
contain contributions from cross terms that we are not going to discuss in this

paper.
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Figure 4.1: Sources to the Hamiltonian constraint, normalized to H?, in terms
of wavenumber at different redshifts, from k-evolution in solid lines and from
CLASS in dashed lines, for a k-essence speed of sound of ¢ = 1077. For the
figures on the right, the y-axis is shown on the right. The x-axis is common
between each column of figures. The figure on the left bottom, showing the
short-wave corrections, is obtained using a simulation with Ngiq = 38402 and box
size L = 9000 h~*Mpc, while in the other three figures the results are obtained
combining three simulations with Nyiq = 3840% and box sizes L = 90000 2~ Mpe,
L = 9000 h~*Mpc and L = 1280 h~*Mpc.

Variation of the action with respect to @, (the scalar part of dg;;) defined in
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4.3. Numerical results

Eq. (4.18) leads to a constraint equation for ® — W,

2
T ox

52
09 Ox*

— 5§v2> T/,

(4.11)
where V* = §%6"™0,0;0,0,,,. In this expression ®— W is sourced by the anisotropic
part of the stress-energy tensor and a short-wave correction term. In first order
perturbation theory, and neglecting radiation perturbations, we have & = W.
Short-wave corrections and also anisotropic pressure generation in dark matter
[Ballesteros et al| [2012] and k-essence [Hassani et al|[2019¢] lead to a non-zero
® — U. Contrary to the case of the Hamiltonian constraint, the contribution of
short-wave corrections is of relative importance here, in particular at large scales.
In absolute terms these higher-order effects are however expected to be small.
To quantify the difference between the two potentials we measure /Po_v/v/Po
from our simulations (where Pg_y is the dimensionless power spectrum of ®— W),
shown as solid lines in Fig. 4.2. For comparison, the dashed lines show the same
quantity generated from CLASS where it is solely due to radiation perturbations.
On super-horizon scales, the contribution from radiation perturbations is larger
than contribution from non-linearities, while in the quasi-linear regime the dom-
inant contribution comes from the non-linearities. Both are however indeed very
small and can be safely neglected at intermediate and small scales.

Variation of the action with respect to the shift perturbation results in the
momentum constraint,

1
— ZVQBi — @' — HY,; = dnGna’T, (4.12)

where in Poisson gauge (4.20), B; is divergence-less or transverse i.e. §7B; ; = 0.
So the divergence of Eq. (4.12)) reads,

— V(&' + HV) = drGna’0'T) . (4.13)

If the stress-energy can be split into contributions from independent constituents,
we can define the velocity divergence €x for each constituent such that

O =3 px (14 wx )0x= bur > px (1 +wx) . (4.14)
X X

This definition of #x coincides with the linear velocity divergence in the case
where the constituent can be described by a fluid, but it generalises to situations
where this is no longer the case. We can now see that the relativistic terms in the
Hamiltonian constraint Eq. (4.6) can be related to a different choice of density
perturbation,

1 ...
VR = 25900, + 4nGya®(1 - 20) 3 pxAx . (4.15)
X
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Figure 4.2: The quantity \/P;’;—;‘I’ from k-evolution (solid lines) and from CLASS
(dashed lines) at different redshifts as a function of wavenumber k. In k-evolution
this quantity is non-zero due to the non-linearities in matter, k-essence and short-
wave corrections, while in CLASS it is generated due to the radiation perturbations
which oscillate and decay in k. The results are obtained combining three simu-
lations with Ngiq = 3840% and box sizes L = 90000 2~ 'Mpc, L = 9000 h~'Mpc
and L = 1280 h™*Mpc.

where Ax = 0x —3H(1+wx )V 204 is the comoving density contrast. Eq. (4.15)
is the Poisson equation dressed with short-wave corrections, which are the lead-
ing higher-order weak-field terms. Neglecting the (small) short-wave terms, the
equation is linear even if the perturbations in the matter fields are large®, and
one can pass to Fourier space. Modifications of gravity where the gravitational

coupling depends on time and scale can then be parametrised by introducing a
function p(k, z) such that

— k*® = 47Gna’u(k, z) ZﬁXAX , (4.16)
X

where the choice u(k,z) = 1 restores standard gravity. Furthermore, if one
chooses to interpret the dark energy perturbations as a modification of gravity,

3This also shows that in General Relativity the Poisson equation holds effectively on all
scales, right down to milli-parsec scales where we may start to encounter effects from the
strong-field regime of supermassive black holes.
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4.3. Numerical results

the sum on the right-hand side would exclude X = DE. Such an interpretation
makes sense if the dark energy field is not coupled directly to other matter, so
that it cannot be distinguished observationally from a modification of gravity
(e.g. [Kunz & Sapond [2007]).

Adopting this interpretation we can define an effective modification u(k, z)

as
K (DD*)

k? 2: )
ik 2) (A7 Gy pn)E (A ALY

(4.17)

where pn, = peam + Po and Ay, = PedmADedm + Ppp. Since our simulations
are carried out in Poisson gauge they internally use 9,, and do not compute A,
directly. However, the difference between the two quantities is only appreciable
at very large scales where 6 is given by its linear solution. For the purpose of
computing p(k, z) from simulations we therefore write,

(4.18)

A 26 <1+ 37‘[7—&&]{?,2))

K213 (k, 2)

where T? (k,z) and TP (k,z) are the linear transfer functions of y and J,,,
respectively. These can be computed with a linear Einstein-Boltzmann solver
like CLASS.

4.3.3 Linear versus non-linear p(k, 2)

In this subsection we show the p(k, z) function obtained from k-evolution, which
includes non-linearities in matter and k-essence as well as relativistic and short-
wave corrections. We compare p(k, z) from k-evolution with the results from the
linear Boltzmann code CLASS [Blas et al|[2011b], and with results from gevolution
[Hassani et al| [2019¢| and CLASS with Halofit [Takahashi et al.|[2012].

In the two top panels of Fig. |4.3 the results from k-evolution and CLASS for
two different speeds of sound are compared at different redshifts. In the two
bottom panels p(k, z) from k-evolution, gevolution and CLASS (linear and with
Halofit) at z = 0 are shown.

In ACDM, where there are no dark energy perturbations, or modifications of
gravity, we would have = 1 on all scales and at all times. In Fig. 4.3 we see that
due to the k-essence perturbations we have 1 > 1 at large scales, while we recover
the ACDM limit on small scales or at early times. The maximum deviation from
i = 1 is less than 5% for our choice of model, therefore the effect is small but
not negligible. The reason why we expect to recover GR at high redshifts is
that the DE/MG starts to dominate at low redshifts which is well supported by
observations. In our model this is included by choosing a constant w = —0.9
close to —1, in which case the ratio of dark energy to dark matter density scales
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Figure 4.3: u(k, z) from four different simulations and for two speeds of sound
are compared. The left plots depict the case ¢ = 107*: all the curves agree well
which shows that for high speeds of sound we can trust even linear codes. On
the right we see the situation for k-essence with speed of sound ¢ = 1077, where
differences are clearly visible. In the top panels k-evolution is compared with
CLASS at different redshifts, while in the bottom figures we compare u(k, z) from
gevolution, k-evolution and CLASS with and without Halofit, at z = 0. The results
are obtained using two simulations with two different box sizes L = 9000 h~'Mpc
and L = 1280 h~'Mpc and Ngq = 3840°.

like a=3*, ensuring that the dark energy quickly becomes sub-dominant in the
past.

At high wavenumbers, the k-essence perturbations are suppressed due to the
existence of a sound-horizon, roughly at the comoving wavenumber k = c,H.
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4.3. Numerical results

This is highly desirable as gravity is very well tested on small scales, so that
models that lead to significant changes on solar system scales are ruled out by
observations. The scaling of the sound horizon with ¢? also explains why the
transition from g > 1 to = 1 occurs on smaller scales for lower speeds of
sound.

In addition, for the ¢ = 10™* case, the results from CLASS and k-evolution
are indistinguishable at least until z = 0.5, and start to differ only slightly at
z = 0 at large scales. For the ¢2 = 107" case, while the results from CLASS and
k-evolution are consistent at both high- and low-£, there is a different transition
from p > 1 to p = 1 in k-evolution compared to CLASS. This is because for the
lower sound speed the sound-horizon lies within the scale of matter non-linearity.
As dark matter clustering becomes non-linear, ¢,, becomes much larger than in
linear theory, which reduces ®/4,, and hence . This can be mimicked by turning
on Halofit, and indeed using CLASS with Halofit to extract p allows to match the
result of k-evolution better at scales around & =~ 0.1h/Mpc, as we can see in
panel (d) of Fig. 4.3!

On even smaller scales, k 2 1h/Mpc, the combination of CLASS with Halofit
undershoots the k-evolution result. This is due to non-linear clustering of the
k-essence field on small scales. This can only be correctly modeled by simulating
the k-essence field itself. Also gevolution 1.2 with the CLASS interface, where k-
essence is a realisation of the linear spectrum, is not able to simulate this region
correctly.

4.3.4 A fitting function for p in k-essence

To characterize the contribution of k-essence to the gravitational potential, and
to simplify the inclusion of non-linear k-essence clustering in linear Boltzmann
codes and in back-scaled Newtonian N-body simulations (see next section), we
approximate the numerical p(k, z) with a simple fitting formula. The fact that
we recover GR/ACDM at small scales and that we have a constant modification
to GR at large scales motivates us to choose a function that smoothly connects
two different regimes, and we propose the following fitting function for u(k,a):

f(kle, 8,7) = 1+ a (1 — tanh (B(loge k — 7)) - (4.19)

Here o controls the amplitude of p on large scales, v = log,, x the location of
the transition, and S the steepness of the transition. The variables «, [, and ~
depend on time as well as on the cosmology. We can use the («, 3,7) parameter
space to distinguish between models / constrain cosmology. Additionally, the
function (4.19) is C'™ and its derivatives are easily computed, while numerical
derivatives of simulation results are often noisy. In Appendix 4.B we discuss
how these parameters control the shape of u, and how well the fitting function
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Figure 4.4: The fitted parameter values for the u parametrization (4.19), for the
two k-essence models with ¢2 = 107* (left) and ¢ = 1077 (right), as a function
of redshift. Points and dashed lines are respectively the results of k-evolution
and CLASS.

describes the simulation results. We find that for k-evolution and CLASS, the
parametrisation (4.19) is able to describe p(k, z) at the sub-percent level relative
to u.

The fit enables us to model u(k,a) in a simple way and to describe its evo-
lution by studying the time and scale evolution of the parameters. We perform
the fit in the non-linear (k-evolution) and linear (CLASS) cases. Fig. 4.4 shows
the evolution of three fitting parameters as a function of redshift for both the
linear (solid lines) and non-linear (dots) cases. As expected from Fig. |4.3, for
c2 =107%, there is little difference between the linear and non-linear cases. Also
for the ¢ = 1077 case, the fitted amplitudes («) are consistent between the linear
and non-linear cases. Most of the difference arises in the steepness () and the
location (7) of the transition. In Appendix |4.B| we provide an additional figure,
Fig. 4.8 that shows in more details the evolution of the parameters. In that figure
we can see that there are also detectable differences in 5 between the linear and
k-evolution results for ¢2 = 10~%, but that they are relatively small. In Table. 4.1
we show the parameters («, 3, ) fitted to the k-evolution data at redshifts z = 0
and z = 1 for both speeds of sound. The full redshift information for the fitting
parameters are delivered as a text file in the arXiv submission.
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Parameters
o B gl
2 10 z=0 0.021 2.79 —1.20
z=1 0.00422 2.83 —1.10
2 =107 z=0 0.020 1.46 —0.154
g=1 0.00429 1.53 0.0069

Table 4.1: Parameter values fitted to k-evolution results for both speeds of sound
at two redshifts, z =0 and z = 1.

4.4 Applications of u(k, z)

In this section we discuss how one can use the p(k, z) parametrisation in com-
bination with other codes, especially linear Boltzmann and Newtonian N-body
codes. To answer this question, we first illustrate the differences between these
codes in Fig. 4.5 when there is k-essence as a dark energy candidate. In k-
evolution all the components including short-wave corrections, relativistic terms,
matter and k-essence non-linearities are included. In Newtonian N-body codes,
the equations are solved in N-body gauge, see Appendix 4.A| for more details.
In these codes one can capture the background evolution correctly, while short
wave-corrections are absent and k-essence perturbations are at most taken into
account through the initial conditions. In the linear Boltzmann codes, on the
other hand, non-linearities in matter and k-essence as well as short wave correc-
tions are absent.

4.4.1 Improving linear Boltzmann codes and Fisher fore-
casts with a parametrised p

Recipes to predict the non-linear matter power spectrum are routinely imple-
mented in Boltzmann codes in order to source weak lensing calculations, which
are themselves linear but very sensitive to small-scale power. The u(k, z) function
presented in the previous section can then be used to correct for the non-linear
effect of k-essence on the lensing. For example, u(k, z) would appear as a simple
factor in the line-of-sight integral for the lensing potential if the non-linear mat-
ter power spectrum is already calibrated for the correct background model. The
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K-evolution Newtonian N-body codes Boltzmann codes

YUP LIS

Figure 4.5: This picture compares the way that different codes solve the Poisson
equation. On the left we have the relativistic N-body code k-evolution which
uses the full Poisson equation including non-linear k-essence and matter densities,
relativistic terms and short wave corrections (all in green). Standard Newtonian
N-body codes (middle) solve the Poisson equation for the correct background
expansion rate (term in light yellow), and include non-linear matter densities
as well as relativistic terms in N-body gauge (terms in green), but do not take
into account k-essence perturbations or shortwave (nonlinear GR) terms (in red).
Linear Boltzmann codes like CLASS (on the right) are fully relativistic and include
linear density perturbations for both matter and k-essence (in yellow), but no
non-linear GR and matter contributions (in red).

same correction can also be applied in the context of Fisher forecasts.

4.4.2 Improving Newtonian simulations

In the companion paper [Hassani et al.| [2019¢] we have shown that the so-called
backscaling method to set initial conditions in Newtonian N-body codes is able
to recover the correct non-linear matter power spectrum in k-essence models.
As explained in detail in [Hassani et al| [2019¢], this is achieved by scaling back
the linear power spectrum at the final redshift using the linear growth function
in the given background model. While this works well for the matter power
spectrum, it is impossible to simultaneously obtain an accurate power spectrum
of the gravitational potential, as the latter is sourced additionally by k-essence
perturbations. Our p precisely parametrises the correction necessary to obtain
the potential from the matter power spectrum, and additionally allows to recon-
struct the power spectrum of k-essence perturbations. An immediate practical
application would be to include this correction when calibrating emulators like
[Knabenhans et al| [2019].
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4.5 Conclusions

In this paper we have studied metric perturbations in the weak-field regime of
General Relativity, in the presence of a k-essence scalar field as dark energy.
We showed that the short-wave corrections to the Hamiltonian constraint are
negligible at all redshifts and all scales, while the relativistic terms are only
relevant at large scales, leaving the terms with Poisson-gauge matter and k-
essence density perturbations as the main source at quasi-linear and small scales.
The relativistic terms and the density perturbations can be combined, in the
usual way, to form a linear Poisson equation that then holds on all scales of
interest in cosmology.

We study the contribution of the k-essence scalar field to the metric pertur-
bations through the p parametrisation that encodes the additional contribution
of a dark energy fluid or a modification of gravity to the Poisson equation. As the
Poisson equation is valid on all scales, this description works even at non-linear
scales if p is understood as an average effect. We show that for k-essence fields
with a high speed of sound, the linear theory agrees with simulation results,
while for models with a small speed of sound we see large deviations from linear
theory. Our results are thus important for tests of low speed of sound k-essence
models with future surveys.

We encode our k-essence simulation results for u(k, z) in an easy-to-use tanh-
based fitting function, together with recipes on how to include the function in
linear Boltzmann codes or Newtonian N-body simulations with different expan-
sion rate but without additional k-essence field. While in this paper we only
consider two k-essence models with different speeds of sound, we plan to provide
fits to u(k, z) for a wider range of models in a follow-up publication.
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APPENDIX

4.A Discussion about N-body gauge

The correspondence between Newtonian N-body simulations and GR can be

established through a particular gauge, called the N-body gauge
[2016], in which, generally speaking, one requires

V20N = 47G N 0™ | (4.1)
and v
v ,
= -VV 4.2
i + Ho VAU (4.2)

where in the first equation ® is the contribution of non relativistic matter to
®, and 4" is a counting density (rest mass per coordinate volume). With
two scalar gauge generators L and T' at one’s disposal, where 7 — 7 + T" and
xt — ' 4+ V'L are the coordinate transformations, it turns out that under quite
generic conditions there is a family of gauge transformations that satisfy the
above two conditions at the linear level.

To illustrate this, let us start from the Poisson gauge and find 7', L such
that above equations hold. The first thing to note is that ¥ corresponds to a
gauge-invariant variable (we are working at linear order), so the second equation
already holds in Poisson gauge. Since velocities transform as v* — v* + V'L
maintaining the form of the second equation readily requires L' ~ 0.

Before turning to the first equation, let us define the scalar metric perturba-
tions of the N-body gauge as follows:

ds® =a?

= (1424 dr? = 2V, B  da'dr + (14 2H}") 6;5da’da’?

O S
—2 (vivj - §v2> HYPdx'da? (4.3)

Noting how the various scalar perturbations transform, for a 7" and L connecting
the N-body gauge to Poisson gauge we have

1
d=—Hp®—HT — gV2L, (4.4)

U =A y HT + T, (4.5)
0=B""4+7-1'=B"~_T, (4.6)
0=H) - L= H"=1, (4.7)
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and
6x = 0N> —3(14+wx)HT . (4.8)

We can insert these expressions into the Hamiltonian constraint (keeping the
term V2® in place) to obtain

V2o43H (HY + HT + HT)—3H? (AN + HT + T') = 4xGya® Y px |03 — 3 (1 +wx) HT)| |
X

(4.9)
where we already used the condition L' ~ 0. Noting that

Hg —H,:47TGNCL2ZﬁX (1+wx) (410)
X

we immediately get

VED+3HH” —3H? AN = dnGya® Y. pxoX® = 4nGyap (65 — BH) ") +4nGya® Y pxox"
X X#m
(4.11) ’

The requirement that this equation is compatible with eq. (4.1) does not yet fix
the gauge completely. One may try to require that HY ~ 0 which means that
ONb = geount - This means that not only are the Newtonian equations satisfied,
but also the counting density is the physical density in that gauge.

One can easily see from the last equation that HYP ~ 0 also suggests AN? ~ 0,
and one can verify that, as long as pressure perturbations are small, this condition
can be met [Fidler et al|[2016]. We can then infer 7" and L as follows.

1
U =HT+T, <I>:—7-[T—§V2L, (4.12)
hence
HY -+ = (1 =) T, (4.13)
where L' ~ (0 was assumed. We can now see that the momentum constraint
implies 7' = —V26;x and hence 6XP = A,,. Inserting T back into its relation

with ® above, we also get
V2L = 3HV 260, — 39 (4.14)

The right-hand side is the comoving curvature perturbation which is indeed con-
served at late times in standard cosmology. Hence our assumption L' ~ 0 was
consistent.

4.B Details of the fitting function for pu(k, z)

In this Appendix we discuss the properties of tanh fitting function, we also
compare the fitted values to the underlying simulation results and show that

151



Chapter 4. Parametrising non-linear dark energy perturbations

the tanh fitting function works quite well. As explained in more detail in the
main text, we need a function to smoothly connect two different regimes, namely,
between p =~ constant on large scales to ¢ = 1 on small scales. To do this, we
propose the following form, at a fixed redshift:

f(kla, 8,7) = 1+ a (1= tanh (B(log,gk = 7)) - (4.15)
The parameter v = log,, x determines the location of the transition, 5 the steep-
ness of the transition, while 1 4+ 2« is the value of p for £ — 0. All of these
parameters are functions of redshift (or scale factor). The fit enables us to de-
scribe the scale dependence of p(k, a) in a simple way, while the time dependence
can be studied through the evolution of fit parameters with redshift.

In Fig. 4.6 we show the validity of the fitting tanh function for u(k,a) as
measured from k-evolution. For both speeds of sound at some redshifts and all
scales, the accuracy of the fit is of the sub-percent level. In Fig. 4.7 the relative
difference between fit and data from CLASS is shown. For both speeds of sound
at all redshifts and all scales, tanh is a good fit. In Fig. 4.8 the evolution of fit
parameters for k-evolution and CLASS data is shown.

4.C Scalar-vector-tensor decomposition and no-
tation

In this appendix we briefly discuss the scalar-vector-tensor decomposition and
we introduce our notation for the metric perturbations after the decomposition.
Using the SVT decomposition [Lifshitz| [1946] we can decompose B; into the curl-

free (longitudinal) and divergence-free (transverse) components,

B; = B + Bl where V- B =V x Bl =0 (4.16)
Also we can decompose the tensor perturbations analogously,
S
hij = hi; + b+ 0 (4.17)
Here
hyy = (ViV; - 15--v2)<1>h . (4.18)
1) ) 2 )

where @, [Bertschinger| [2001] is a scalar and we have assumed that h;; is traceless,
and

hi; = Vihi + V;hi . (4.19)
where hi- is a divergenceless vector. The two degrees of freedom left in the tensor

modes hl(f) correspond to the two polarisations of gravitational waves.
Fixing the gauge to Poisson gauge will remove two vector and two scalar degrees
of freedom as we have the following constraints,

(SijBiJ' - 5ijhz'j - 5jkhij7k - . (420)
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Figure 4.6: The relative error for the fits compared to the actual p obtained from
k-evolution, for two different speeds of sound, ¢? = 1077 (right) and ¢? = 1074
(left). The accuracy of the fit is of the sub-percent level for both speeds of sound
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Figure 4.7: The relative error of the fits compared to CLASS results for two
speeds of sound, ¢ = 1077 (right) and ¢ = 10™* (left). The results show that
the accuracy of the fit is of the sub-percent level for both speeds of sound at all
redshifts and all scales.
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Figure 4.8: Evolution of the fit parameters log,,(1 4+ «), 8, and v for k-evolution
and CLASS data for two speeds of sound ¢ = 107 (top) and 1077 (bottom) is
shown. The arrows show the direction of decreasing redshift (increasing time).
For the case of low speed of sound (bottom panel) the parameter values obtained
from k-evolution and from the linear code CLASS differ, while for large speed
of sound (top panel) the parameters almost match, suggesting that one could

simply use linear Boltzmann codes for treating high speed of sound k-essence
models.
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Chapter 5. A new instability in clustering dark energy

Abstract: In this paper we discuss non-linear terms in the Effective Field
Theory of Dark Energy (EFT of DE) for the k-essence model. Such terms open a
new window to cosmological models for dark energy. We studied such models in
3+1 dimensions using cosmological N-body simulation k-evolution [Hassani et al.
2019a]. We discovered that in the case of low speed of sound (high Mach number
in the fluid description) where some linear terms vanish from the dynamics of
dark energy, the non-linear partial differential equation for dark energy suffers
from the non-linear instability and blows up in finite time. This might seem
an artifact of the simulation procedure. However, we show analytically, for the
1+1 dimensional case, that the divergence is real: This is proven and studied
mathematically in [Shi, Pan et. al|| . We also argue how this phenomenon
transfers to 34+1 dimensions.

The important conclusion is that dark energy as a fluid with high Mach
number (low speed of sound) cannot be used as a viable candidate for explaining
the accelerated expansion of the universe, because the evolution will diverge
before one reaches the current epoch. We illustrate the dependence on the speed
of sound in several simulations.

5.1 Introduction

In the near future we will benefit from numerous high precision observations
[Aghamousa et al|[2016b], [Amendola et al.|[2016], [Walcher et al|[2019], ?, prob-
ing the Universe at different epochs, from the very early times when cosmic
microwave background radiation (CMB) photons started to propagate and the
Universe was around 400,000 years old to today, where the Universe is 13.82
billion years old. One of the central focuses of the future surveys will be aimed
at understanding the nature of dark energy, which is the reason behind the late
time accelerated expansion of the universe. The accelerated expansion has al-
ready been approved by several independent observations [Ade et al| [2015b],
[Alam et al| [2017a], [Scolnic et al.|[2018].

Over the past years, a wide range of theories has been developed by cosmol-
ogists and particle physicists with the aim to address question of the accelerated
expansion of the universe, either by modifying the theory of gravity or by con-
sidering dark energy as a fluid component with a negative pressure
2012¢|, [Ishak] [2019]. Among these theories, effective field theory (EFT) of dark
energy [Gleyzes et al] 2015, [Gubitosi et al] [2013H], like any other effective the-
ory, has become very popular since it allows to describe dark energy occurring at
a chosen energy scale with an appropriate number of free parameters in a model
independent way. The free parameters in the effective theory could correspond
to a fundamental theory at high energy and respect the low-energy symmetries
[Cheung et al|[[2008].
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The main advantage of using effective theories is that one can study the physi-
cal phenomena without being specific about the fundamental theory. Instead one
writes a general low-energy effective theory using the symmetries and theoretical
constraints in order to compare a generic theory against observations.

In this paper we focus on the EFT of dark energy, keeping only two free
parameter, a g at the perturbation level and wy at the background level which is
equivalent to the well known theory of k-essence, which has been first proposed
in 2000 [Armendariz-Picon et al| [2000} [2001] to naturally, and without any fine
tuning explain the accelerated expansion of the universe. At linear level k-
essence theory has been explored well and is considered a viable theory for the
late time accelerated expansion of the universe. This theory has been successful
in explaining all cosmological observations to date. However, by increasing the
precision of the observations in the near future, we hopefully will be able to probe
the non-linear scales to a great degree, which it will give us the chance to falsify
the k-essence model or constrain its parameters.

Here, we use the equations derived in [Hassani et al|[2019a] for the non-linear
evolution of k-essence as an effective field theory, parametrised with the equation
of state w and the speed of sound c¢s;. The free parameters appearing in the field
picture e.g., ax can be interpreted when writing the theory in the fluid picture.
In the Appendix A of [Hassani et al|[2019a] we showed that the fluid description
and the field picture are equivalent and by the well-defined transformation given
in the reference, one can simply change the picture.

In this paper, we show that the effective field theory of dark energy for k-
essence, in the limit of low speed of sound suffers from a new instability. We
study the instability in 3+1 dimensions numerically in the cosmological context,
and comment on the equation in 141 dimensions.

In Sec. [5.2 we present the numerical results for 341 D in the cosmological
context where we solve the full 3+1 D partial differential equation for the k-
essence scalar field numerically, using the effective field theory framework. In
Sec. 5.3 we show that for low speed of sound the solution to this partial differential
equation (PDE) blows up at some time before the current age of the universe.
In Sec. |5.4] we study the relevant partial differential equation in 141 D in matter
domination analytically and we show that the term that we have recognized as
the reason behind the instability shares similar properties with the 3+1 D version
that has been identified in cosmological simulations. We also comment on the
way that system blows up, as well as on the time when the solution ceases to
exist. At the end we show how increasing the speed of sound could stabilize the
system.
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Chapter 5. A new instability in clustering dark energy

5.2 Field equations

In this section we write down the equations for k-essence dark energy scalar field
parametrised with the equation of state w and the speed of sound ¢? expanded
around the background solution to second order of the weak field expansion.
The equation as well as the stress energy tensor for clustering dark energy are
obtained and discussed in detail in|[Hassani et al.|[2019a]. In[Hassani et al.[[2019a]
we showed the results for clustering dark energy where we only keep linear terms
in the dark energy scalar field equations.

The full partial differential equation (PDE) in 341 dimensions including the
non-linear correction in the weak field regime reads [Hassani et al| [2019a],

om=(—Hr+ VT, (5.1)
0-¢C = 3wH( — 3c2 (7—[27r —HY — O, Hm — ((97@) + cgﬁ%
— (6 {2(c§ — 1)+ 2P — \I/] ) -V — [(ci — 1)+ 2P — ci\lf} Vi

H 2\ (v.\2 2 =2 ;-1
-5 [(2+3w+cs)(V7r) +6¢:(1 +w)rV W} +

&» (8177'(671')2) s
(5.2)

In the former equation 7 is the dark energy scalar field and ( is an auxiliary
field written in terms of the scalar field 7, its time derivative 0,7 with respect to
conformal time and the gravitational potential ¥. Moreover, (ﬁW)Q =Vr - 67@
in 0; (&W(ﬁw)z) we sum over the index i and 9; = V; = 8%1” The Eq. [5.2] is
equivalent to the continuity and the Euler equations as discussed in the Appendix
A in [Hassani et al [2019a],

0,0 = —(14w)(0-30,2) 31 (gp—w> 5430, ® <1+§p> s+ Wi, (30-w) .

p p p
(5.3)
5P 2y oP
870+(3w—1)%9+v2(qf+a)+L—(5aT<1>+aT\11)0+ v 1+—19¢
p(1+w) I1+w dp
Y
— ng(gq) —U)=0.
p(1+w)

(5.4)

Where we have used the following notation,

5 4 _’—Q(Sik: 2]
5= 2P ’ 0 = e ATV g0t o= V0003 . (5.5)

P p+p

Where V-2 is the inverse Laplacian operator. The fluid picture properties read
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as follows in terms of the field properties,

2_ —
op = —p+pl3c§7—[7r—g’— 265 1(V7r)2] :

2
cz 2

5 =~ () sk — ¢+ (T

(5.6)
. 1 21 o
vt = —e2(@+D) [1 -2 (30?(1 +w)Hr — ¢+ ci@) + 05202 (Vw)ﬂ o,
1
Zij = (p +p) {@waﬂr — 3(0k7r)2(5”} .

However in the k-evolution approach, we solve the equations written in the field
language and we solve a second order PDE to update the scalar field m and its
time derivative d,m. Numerical results from the k-evolution for the full non-
linear PDE show that there exists a speed of sound cy,, such that, for speed of
sound ¢, smaller than c,,, the PDE blows up in finite time. In the following
section we show the numerical results for the small and large speeds of sound,
where the PDE is, respectively, unstable and stable, and afterwards we justify
the numerical results by solving the equations in lower dimension.

5.3 Simulations

In this section we show the results from k-evolution for the conservative initial
conditions where we set the values of the fields 7 and ( to zero everywhere on
the lattice at the initial redshift z = 100. The reason for choosing zero initial
conditions for m and ( is mainly that the initial conditions based on the linear
theory lead to a singularity in the density of the scalar field. As there is a ¢ term
in the denominator in the Eq. 5.6, the initial conditions have to be such that

2 2¢2—1 i\ _\2 2 : _ — ;
3c;Hm — ¢ — =5—(Vm)? ) ~ ¢z, and taking 7;,; = 0 and G, = 0 will respect

this condition. In addition, having no scalar field at large enough redshift and
let it being produced by the dynamics due to the gravitational potential is more
physical than assuming other initial conditions for this system.

Starting the simulation at some initial time and solving the full equations
of motion in the weak field approximation using the N-body code k-evolution
for low speed of sound, one sees numerically that the scalar field 7 diverges and
as a result the simulation breaks down in finite time. In Fig. 5.1 we show the
results for the simulation for the scalar field on a 2D snapshot at surfaces which
go through the point with the maximum second derivative. In these snapshots
which are made for a short period of time in the simulation, one can see how
suddenly an instability is formed in the scalar field dynamics and that the system
blows up at a certain time. Since other cosmological quantities are coupled to
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the scalar field, the other components will also diverge, the dark matter particles
speed up and the simulation breaks down.

If one looks at other points than the point we chose, one sees that the insta-
bility does not appear in all snapshots at the same times. The reason why the
instability is first formed around the point with highest curvature will become
clear when we study the system in 141 D analytically.

In Fig. 5.2 we show the evolution of the scalar field mapped in a direction
(1ID) in order to have a closer look at what happens when the instability is
generated and the system blows up. According to the 1D cross-sections, the
blowup first happens at a minimum point with the highest curvature. In the
simulation the curvature of this point increases to finally become infinity as the
minimum becomes sharper and sharper in time.

According to our numerical results using k-evolution code for the full imple-
mentation of clustering dark energy (5.1) and (5.2), one sees that the equations
are unstable and diverge in finite time for low speed of sound only. Indeed, for
a fixed cosmological parameters and wy = —0.9 the system only blows up when
2 < 107*7. In Fig. 5.3 and Fig. [5.4] the blow up time and also the average of
the ( field for different speeds of sound are shown. As the two figures suggest
when decreasing 2, there is a value for ¢? where the system becomes unstable.
Moreover, it is interesting to point out that we know that the limit of low speed
of sound is the limit where the most important linear terms in the dynamics of
scalar field vanish and we end up with a highly non-linear evolution of the field.
The number ¢ = 107%7 for the speed of sound squared can be understood by
comparing the two important terms in the dynamics of the scalar field. As we
are going to show the stability of this system is ensured when the term ¢2V?7
dominates over the non-linear term —% (50? + 3w — 2) (Vm)2. As these are the
two important contributions to the dynamics, using the approximative scaling
relation, for these two terms i.e. assuming that V?r ~ L1 and (V7)? ~ L2712,
Here, we are assuming that each spatial derivative contributes as a factor of 1/L.
Also assuming the matter domination i.e., H = 2/7, and the first order pertur-
bative solution for m ~ %T calculated in Eq. D.6 in |Hassani et al.| ﬂ2019aﬂ we
roughly have,

—H 2
2 2 _ _ (% _
R (508 + 3w 2)7T = (3 w)\I/. (5.7)
with the values of w = —0.9 and ¥ = 107° this gives ¢ = 10~*® which is close

to ¢2 = 107" as obtained from the numerical results in Fig. 5.4l

The study of the full coupled non-linear system of equations including Ein-
stein’s equations and the non-linear second order equation for the dark energy
sector seems challenging. However, our numerical results show that we do not
need to worry about whether dark energy sources the gravity part or other com-
ponents. Even if we solve the equation for the scalar field independently whether
it sources other components or not we get an instability at almost the same time,
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Figure 5.1: From top to bottom: The evolution in time of the scalar field 7
evolution in a 2D cross section in x — y, * — z and y — z surfaces in a short
interval of time around blowup time at the point with the maximum curvature.
The instability is formed locally in a [t with the maximum curvature which
physically corresponds to the center of the dark matter halos.
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Figure 5.2: 1D cross section of the scalar field evolution on a line passing through
the point with the maximum curvature. These figures show how the instability
is formed in the local minima with highest curvature.
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Figure 5.3: The average of ¢ as a function of blow-up redshift for different speeds
of sound are plotted. As it is clear from the figure, the blow up happens very
fast and the average value of the fields go from a very small value to a very
large value. This is a simulation for the case when k-essence does not source
other components and also the initial condition is set to 0 at z = 100. When
blows up, the scalar field 7 and other components, if they are coupled, blow up
immediately. Here we only showed the results for the speeds of sound for which
the scalar field blows up, so in fact according to our numerical result ¢ < 10747,
The PDE blows up in the age of the Universe (z = 0).

especially when the time precision of the simulation is high enough. In Fig. 5.5
we show the blow up time (redshift) for different precisions of time in the code for
the situation when dark energy sources other components (in circle) and when
dark energy does not source other components (in star). According to the figure
the blow up time does not depend on whether the dark energy sources other
components or not.

Another interesting and important result is that by increasing the resolution
of the simulation, the system blows up earlier in time. In Fig. 5.6/ the blow up
time for different spatial resolutions is shown. We will justify this result when
we study the system in 141 D, but roughly this behavior is due to the fact that
by increasing the resolution of the simulation, we sample the initial condition
from higher wavenumbers in the gravitational potential power spectrum so that
the curvature of the potential wells increases compared to the lower resolution
simulation. As we will show in the 1+1 D and spherically symmetric 3+1 D
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Figure 5.4: The speed of sound squared as a function of blow up redshift is shown.
There are two limits, namely high speed of sound for which the system does not
blow up anymore and very low speed of sound for which the system blows up at
the redshift near to the blow up redshift for ¢2 — 0. This figure is calculated for
the case when the scalar field does not source matter and potentials and also,
when the initial condition is chosen equal to zero.

results, the instability is forming around the minima of the gravitational potential
wells and the blowup time depends on the curvature of these potential wells. In
the 3+1 D case, by increasing the spatial resolution of the simulation in the
cosmological context, we also increase the curvature of the potential wells.

In Fig. 5.7 we also verify that changing the initial redshift would not change
the blow up time significantly as the blowup redshift converges to a number. In
the figure the initial conditions for the position and speed of the particles are
made using the solution of the linear theory at that redshift, while the scalar
field is set to zero at the initial time.

Motivated by the numerical results in 3+1 D in the cosmological context, we
study the simplified version of the full equation in the mathematical context in
141 D in the next section.

5.4 141 dimensions

In this section we discuss the main terms in the PDE governing the scalar field
dynamics. In particular we discuss the non-linear dynamics in 141 dimensions.
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Figure 5.5: Time resolution of the simulation as a function of the blow up time for
the case dark energy component, respectively, sources and does not source other
components (circles and stars respectively). As we increase the time resolution,
i.e. decrease d7 in the simulation the blow-up time converges.

We show that the non-linear PDE is suffering from the non-linear instability
with similar behavior of what we found in the 3+1 D case. We would like to
emphasize that the full study of the dynamics in 341 D and also in 1+1 D is a
difficult task and needs a detailed study which is beyond the scope of this paper.
However, the specific term ( that is (V7)?), which we have recognized as of the
main reason behind the instability of the system, is studied it thoroughly in

[dllb] in a mathematical context. Here, we study this term with a

more physical approach.

5.4.1 Full non-linear PDE in 1+1 D

We rewrite the Eq. 5.2 as a second order PDE form in 1+1 D which is more
appropriate for analytical studies,

O’ + H(1 — 3w)d, 7 + (&H — 3wH” + 32 (H* — &’H))w

— 0. U(x) + 3H(w — )V (x) — 320, ®(z) — 20?1 = N (7, 0.7, 0,7, 0,0.m, 07)
(5.8)
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Figure 5.6: Number of grids, equal to number of particles, as a function of the
blowup redshift for the clustering dark energy with ¢ = 1077 and w = —0.9,
for the two cases where dark energy sources, respectively, does not source other
components. The case when dark energy PDE is solved without sourcing dark
matter and potentials is shown by stars in the figure and the case when the full
equations are solved is shown with circles. As we increase the spatial resolution,
the system blows up at higher redshifts or earlier time.

where N (7, 0,7, 9,7, 02m) includes all the non-linear terms which reads as fol-
lows,

N (7, 0,7, 0,7, 0,0-m,07T) = _7;(5C§ + 3w — 2) (0,7)* + 2(1 — )0, w0, 0p 7

- [(Ci —1) (8T7r + Hmr — \If) + (P — ) + 3HA(1 + w)ﬂ] Oim + (2¢2 — 1)0, 90,7

3(c? -1
— 20,90, + M

(0,7)*0%n (5.9)
The previous equation is called "non-linear damped wave equation"
in the literature. It has been studied by mathematicians for
some cases of non-linearities mainly in the form N (m, d,7) [???] but not in
the general form appearing in the effective field theory of dark energy which is
N (m, 0,7, 0,7, 0>x). In fact the important remark is that for large speeds of
sound and using the fact that 7w, 0,7 and 0,7 are small, the dominant term in
the dynamics would be the linear part of the PDE, whereas in the limit ¢ — 0
the term c?0%m is removed and we end up with a non-linear PDE.
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Figure 5.7: The initial redshift of the simulation versus the blow up redshift
is plotted. If we start the simulation at higher redshifts the blowup redshift
converges.

5.4.2 Simplified PDE

The numerical results in Fig. [5.4] show that the system in 3+1 D blows up for
the cases with low speed of sound. To study the system analytically, in order to
show that the instability is not a result of numerical imprecisions, we make some
assumptions: first, we limit ourself to 1+1 D; second, we study the small sound
speed limit and we set ¢ = 0, which is the case for which we see the instability
in higher dimensions. The full equation for the scalar field then reads,

02 + H(1 — 3w)d,m + (0. H — 3wH?)7 — 0,V + 3wHY

—20,0,10,m — (H — BU;‘{)@J@W + 0,90, — (0,7 + Hr — 0)I2r  (5.10)

3
+ iaxﬂ'axﬂ'ﬁiﬂ' =0

where the fields are in general functions of the time and position i.e. 7 = (7, z).
We assume 7(7, ) = 0 and (7, ) = 0 at the initial time 7; similar to the 341 D
case. According to the Eq. 5.1|this implies that dn(7;, z)/dr = V(z) where ¥(x)
is the gravitational potential at initial time 7;. We further simplify the equation
by considering it for the case matter domination, where the scale factor scales as
a ~ 77, the Hubble function is # = 2/7 and 0,¥ = 0.

The Eq. 5.8 is still mathematically difficult to solve as there are different
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non-linear contributions to the equation. However, our numerical results for the
3+1 D case in the cosmological context show that the most important non-linear
term in this PDE is (V7)? or 0,70,7 in 1+1 D. Thus, in our analytic approach
we focus on only one non-linear term in the PDE, which gives the equation,

O’ +H(1 — 3w)0,7 + (0, H — 3wH>)7 + 3wHY — (H — 3w2H)8$7T817r =0

(5.11)
The linear part of the previous equation is in fact a second order ODE which
is easily solvable. In the next subsection, employing the solution of the second

order ODE, we are going to use some coordinate and field transformations to
further simplify the equation.

5.4.3 Simplification

Here we simplify the Eq. 5.11, mainly we aim to remove 0,7, m and constants
from the equation. From now on, for the sake of simplicity, we denote the time
derivatives with a dot and the spatial derivatives with a prime i.e.,

if df

. d , B
fzop=L0 f=of=2 (5.12)
First we write down the Eq. [5.11 in the following form,
i+ a(T)Fr + B(T)m + A7) = v(7)(7')? (5.13)
where we have used the following definitions,
B o 9 B B SwH
(5.14)
Let f(7) # 0 solve the following 2nd order ODE:
fra(n)f+p(r)f=0 (5.15)
then define
m(x, 1) = f(T)u(z,7), (5.16)

and substitute back into the Eq. [5.13] we obtain
fut2fou+ foPu  +  an)(fut fou) + B fu+ A1) =) f2 W)

(5.17)
Reordering the terms gives

fii4 2f +a(r) i+ (f+ a(r)f + B(7) flu+ A7) =4(7)f* ()" (5.18)
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the third term on the left is 0 according to Eq. [5.15 so we have,

i+ 2 +aln)f +;(T)f1l + A7) =~(7)f (u’)2 (5.19)

For simplicity, we define

2f +a(r)f

7 =), anf=aln) (5.20)

and the equation reads,

2

i+ p(T)i+ M7) = q(7) (u) (5.21)

Changing the time variable and redefining the field as u(7, ) =: v(z, s(7)), and
substituting in the previous equation gives,

552+ 05 + p(1)0s + A1) = (1) (v')° (5.22)
where s(7) is determined by solving the following equation,
(1) +p(r)s(r) =0 (5.23)
and we obtain

$(1) = exp (— /TT p(a)do) (5.24)

ini

Substituting back the solution to the Eq. [5.22| we obtain
B(z, 5) + A(s(7)) = ¢(7) exp (2 / p(o)da> W2 (z,5) (5.25)

Solving 7 from the equation $(7) = exp (— I p(a)dr) , we get 7 := 7(s) and
therefore the right hand side of the above equation can be expressed in terms of
S’

iz, 5) + Ms(r)) = 3(s) (v")? (2, 5)
where 3(s) = q(i(s)) exp (2 [7) p(o)do)

For simplicity we use t instead of s as a time variable and we have the following
simplified equation,

(5.26)

b(r,2) + A1) = 31) (V) (1, z) (5.27)

To get rid of A(f) term we will perform one more transformation as follows
o(r,z) == v(r,z) + r(t) (5.28)
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Substituting in to the equation gives,
O(r,x) + 7 4+ At) = 5(t) (7')° (1, 2) (5.29)

Solving 7 + A(t) = 0 we obtain,

t o
r(t) =1 + ot — / / A(s)ds do (5.30)
Lins Jting
with r(¢) of this form and substituting in Eq. 5.27| results in,

B(r,x) = 3(t) () (7, x) (5.31)

To this end we redefine z — /3 x to remove the ¥ term, too. In the new time
coordinate we will have the simplified equation,

i(r,z) = (@) (1, ) (5.32)

From now on, instead of considering the full PDE Eq. 5.11, we focus on the
following PDE with the initial conditions mentioned above. We remind the
reader that the time and the scalar field in this equation are different from what
we had in Eq. [5.11. However, the result presented in the following sections can
be translated to solutions for the equations for m(x, 7).

We will solve the following PDE analytically in the next chapter,

O*r(r,x) = <8x7r(7', x))2 (5.33)

7(0,2) =0
0,m(0,z) = ®(x)

5.4.4 Solution to the simplified PDE

From now on we omit the arguments and we simply write 7 in the equation
Eq. (5.33).

First of all, the most interesting property of Eq. [5.33 is that the minima and
maxima of 7 do not move in space and stay at the same point in time which will
be validated in the numerical results in 1+1 D in Sec. 5.4.7. To prove this we use
the fact that an extremum at time t¢,, means by definition that %(T*,ZL'S) =0,
where x is the position of the extremum and 7, is the time at which we have an
extremum at x5. Now we show that using the partial differential equation and
the initial conditions, the extremum stays at the same position at all times 7,
ie. 9(7,x,) = 0.
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We define D(r, ) = %%(7, z) where according to the initial condition we know
7m(0,2) = 0 so D(0,z) = 0. Taking the spatial derivative of the PDE (Eq. 5.33),
we obtain,

=l (1,2) =2D(7,2)— (7, 2),
d’D dD
2 (12) = 2D(7, 2) (7, 2), (5.34)

since D(0,z) = 0 it also implies that dD(r.z) (0,2) = 0. On the other hand we

dr?
have
dD(r,x) _ddrm _d®

dr (7x)_%a(7$)_%

Let’s take x4 such that %(ms) = 0 meaning that z, is a stationary point of the
initial function D. We write the Eq. 5.34| for the point x, as follows,

() (5.35)

d’D dD
W(T, xs) = 2D(7', iL'S)

. (1,25) (5.36)

The previous equation is an ODE for the evolution of the spatial derivative of 7
in time. Defining a(t) = D(7,z) and b(t) = 22(7, z,), we can rewrite the ODE
as following

a(t) = 2a(t)b(t). (5.37)
The initial conditions are,
a(0) = D(0,z5) =0 (5.38)
dD
a(0) = ——(0,25) =0
a(0) =0

The initial conditions imply that a(t) = D(t,zs) = 0, i.e., at all times the spatial
derivative of the point remains 0. So the extrema remain at the same position
in time.

Paying attention to the extrema in the ® function one can approximately
expand the scalar field m around the minima and maxima as a quadratic function,

m(r,z) = k(1)(z — 24)? (5.39)

where x can have either signs. It is interesting to see that first of all the quadratic
function is a solution of the PDE and the quadratic shape is preserved during the
evolution. We can use this property to obtain an ODE out of the PDE for the
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evolution of the curvature of the minima and maxima. Using the ansatz (5.39)
in the equation (5.33) we obtain,

K'(1) = 4r(1)? (5.40)
where 2k is the second derivative at minima and maxima and the previous equa-

tion gives us the evolution for the curvature. The initial condition for the equa-
tion is obtained using the initial condition for the PDE.

7(0,2) =0 — a(0) =0 (5.41)
d d*r d*® ) 1d*°®
dr a2 O 0) = gz (7a) = 6(0) = 55 ()

To solve Eq. 5.40, we first multiply both sides by «/(7),

ik Sl VAR Wt S 4 (5.42)
Integrating results in,
K(7)2 = K(0)* + —k(7)* — =K(0)? (5.43)

On the other hand, for the minima, i.e., k;,; > 0 the integral reads,

/ﬁ_ By~ _ / dr (5.44)

To compute the integral we define s = ﬁl@ so we have,

1 3, 2)3 /00 ds
= A =r(0 5.45
k Hl(0)2 <8K ( ) k(0)=rini V1 + 83 ( )

For the case where k;,; = € where € is very small, the curvature of the minimum
point increases and blows up with the time given by,

1 3 / 2>é
= ———=. (=K (0 2.8043. 5.46
"= o (57 240
where we have used [0 % ~ 2.8043 and «'(0) = %‘fl—@. So the minima

according to the PDE blow up at a finite time given by the Eq. [5.45| which
depends on the initial curvature of the point.
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5.4.5 An example
We consider the Cauchy problem for x € R and ¢ > 0 given by

i(r,z) = (n'(T, x))2

7 (10,2) =0 (5.47)

7 (10, ) = 1 — cos(mz) = im?a? — Ltz 4+ ...

where we have taken a cos function as the initial condition. The first term in
the Taylor expansion of the cos function is a quadratic term which we discussed
it in the previous subsection, now we want to comment about the higher order
contributions. We first discuss the behavior of the solution near x = 0. Taking

derivatives of the Eq. 5.47 results in the following equations,

i’ (1, x) = 27 (1, 2)7" (1, ),

7' (1, x) = 27’ (1, ) 7" (7, x) + 27" (7, )" (7, ),

i (1, x) = 20’ (1, )7 W (1, 2) + 61" (1, )" (1, ), (5.48)
7@ (r,2) = 20’ (1, )7 (1, 2) + 87" (1, )W (7, ) + 67" (7, 2)*.

a = 2ab
b = 2ac + 212

(5.49)
¢ = 2ad + 6bc

d = 2a7®(0,7) + 8bd + 6>

since a(0) = a(0) = 0 for our initial data the solution of Eq. 5.49is a(7) = 0 as
long as b is well defined. This means in particular that x = 0 remains a critical
point at all times. The equations therefore reduce to;

b =202,
¢ = 6be, (5.50)
d = 8bd + 6¢2,

since ¢(0) = ¢(0) = 0 therefore we have ¢(7) = 0, so that the equations reduce to

b =20, (5.51)
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d = 8bd (5.52)
and the expansion of 7 at x = 0 reduces to
x? xt
(T, z) = b(T)? + d(T)E +... (5.53)

in particular since b(0) = 0,5(0) = 72 we see from Eq. 5.50 that b(7) is always
positive so that z = 0 remains a minimum.
To analyze the behavior of b(¢) in more details we note that the equation for b

is the Newton equation for a mass-point of mass one in the potential V' (b) = —§b3.
The total energy defined as below is invariant under the time evolution.
1. 2
E=_b—Zb. 5.54
50— 3 (5.54)

Based on our initial condition we have E = 1b(0)2— 2b(0)% = $¢"(0)*—2¢"(0)% =
st From Eq. 5.54 we obtain

bO) (/383 +2E S0 \[3B3+2F
1 1 1\ 1
=B ( ) — = 1.187831729448194321 - - - =: 7,
2633 63/ E%

This means that the mass-point disappears in finite time at infinity, i.e.,b(T)
blows up as t approaches 7,. More precisely, as 7 approaches 7,

©  d o 1 2E\ " V3 < 1 )
_ (4 _ e 1 ) Cap= Y2 4RO
/b(T) 183 +2F /b(ﬂ 30 (1 " §53> ’ !

N

To—T

b(7) b(r)?
(5.56)
from which one gets, as 7 approaches 7,
3 b()+EO< ! ) (5.57)
—— =0b(7 .
(ry — 7)° b(r)?
and therefore as 7 approaches 7
3
b(r)=——5+EO0((n-1)") (5.58)
(7 —7)

We now discuss the solution of the Eq. |5.52, since b(7) blows up at 7 = 7,
d(T) blows up as well, and substituting Eq. 5.58 to the Eq. 5.52 and solving the
new ODE, one gets asymptotically as 7 approaches 7,

const.

. 7_)25—1—2

d(t) =
(7) =

+.. EO((m—1)°) (5.59)
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for some constants depending on the initial condition. The constant is negative
if d(0) < 0 and d(0) < 0 which are the cases we considered and is positive if
d(0) > 0 and d(0) > 0. The index 3 is given by,

_ —54+4/97

b 4

= 1.212214450449 . .. (5.60)

Similar blowup rates can be computed for higher order space derivatives which
leads to the conjecture that as 7 approaches 7,

7(r,x) = (1 — 7)2’8_2 f (”) + up(7, x)) (5.61)

Ty — T
5.4.6 Spherically symmetric case

It’s also interesting to note that the equation in 3+1 dimension with spherical
symmetry is the same as the equation in 1+1D as

oL 2
Vr.Vr — <g7;> (5.62)
and the PDE reads,
(7, 7) = (aﬂf (5.63)
T ) - 87" .

So similar to the 1+1 D case the minima blow up at finite time given by Eq.[5.46
and £'(0) = i%%(rmm).

If we consider non-zero ¢? the wave term also appears in the equation and
according to the V2 in the Spherical coordinate we obtain the following equation,

#(rr) = (Wf +c§i§r2(r7r(7, ) (5.64)

#(r.r) = (877(877:7»)>2 + c?(an;’”) + ?(aﬂga?ﬁ)) (5.65)

5.4.7 Numerical studies in 14+1 D

In this subsection we aim to solve the PDEs numerically on the lattice in 141
D and to compare with the analytical results we have obtained in the previous
sections and the results in 3+1 D in the cosmological contexts. Here we also
comment on the terms that could prevent the system from blowing up for large
speeds of sound.
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The first equation that we solve numerically is the following equation, which
we have shown to blow up at the local minima and local maxima,

2
O*r(t,x) = <8x7r(7, a:)) (5.66)
7(0,2) =0
dm
—(0,2) = ®(z)
dr

We take ®(z) = cos(?2%) where N,y = 2048 is the number of points and dz = 1

is distance between the points on the 1D lattice. First of all the curvature at the

minimum point is given by 1%2 = 0.000037, by solving the following integral we

obtain the blowup time according to our analytical expression in Eq. [5.45,

1 5 oo 1 3
T = .(35’(0)2) / ds___ .<3/£'(0)2> ' 2.80433
K/(0)2 \8 0.000037 y/1 + 53 \/5/(0)2 8

(5.67)

ol

Substituting £'(0) = %83:5 = 1.88 x 1072, the blowup time reads,

Ty = 76.0202 (5.68)

In Fig. 5.8 we show the numerical results for the scalar field 7 and it’s first and
second time derivative in the top panel and it’s spatial derivative in the bottom
panel. This figure verifies our claims of the previous subsections; i.e. the extrema
do not move in time and are fixed at a position, the curvature of the maxima
and minima increases and the maxima become flatter while the minima become
sharper and blow up at some point. Moreover paying attention to the d,7 in
the middle part of the bottom panel of the figure one realizes that this function
shares similar behavior with caustic singularities [Arkani-Hamed et al.| [2007],
[Babichev| [2016] which comes from the fact that to leading order according to
the Eq. 5.6/ the velocity v, is 9,7 in 1+1 D and the maxima and minima travel
toward each other to form a caustic in a finite time. To verify our analytical
results, we compare the blowup time obtained from the solution of the ODE
with the numerical solution from the PDE at the minimum point in Fig. |5.9.
According to the figure our theoretical solution and the numerical results agree
very well.

For the sake of completeness, we also simulate the full PDE written in |5.10
for the case when ¢ = 1, to show that the linear term ¢?V?r can change the
behavior of the system from a divergent to the stable one. In fig. [5.10| we show
the numerical results for the scalar field and its time and spatial derivative in,
respectively, the top and bottom panels. According to these figures the system
for large speeds of sound in 141 D is similar to the 3+1 D case which is stable. In
Fig. 5.11| we show the evolution of the curvature at the minimum. According to
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this figure the curvature eventually, after a period of increase, decays and there
are no signs of the instability.
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Figure 5.8: Top: The scalar field and its time derivatives on the 141 D lattice at
different times for a cos function as an initial condition are shown. Analytically
the curvature of the scalar field at the minimum blows up at time 7, ~ 76.

Bottom: The scalar field and its spatial derivative on the lattice for different
times are shown. Due to the numerical noises appearing in the second order
spatial derivative we only show the results up to 7 = 62.7. It is also interesting
to see that d,m behaves similar to a gradient catastrophe that one would see in
some situations in the fluid dynamics.
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Figure 5.9: The evolution of the curvature of the minimum in time according to
the Eq. [5.33l According to the figure the solution of the ODE, the analytical
solution in and the curvature evolution obtained from the solution of the
PDE are consistent.
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Figure 5.10: Similar to the Fig. but for when the full PDE in 1+1 D for
c? =1 is solved. According to this figure for the large value of ¢? the system is

stabilized.
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Figure 5.11: The evolution of the curvature at the minimum point according to
the numerical solution to the full PDE. The curvature at the minima reach a
maximum and then decreases.
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APPENDIX

5.A Linear equation

Neglecting the non-linear terms, the differential equation for the low speed of
sound is stable. In the following, we find the linear analytic solution in 141 D in

matter domination. For this we assume w = —1, and the solution for a general
w can also be obtained in a simple way. Taking w = —1, we can write the linear
part as,
9 8 10 6
O:m(r,x) + —0.m(T, ) + (1, 2) = —¥(z). (5.69)
T T T

According to the existence and uniqueness theorem for second order differential
equations, we have a unique solution for the ODE for 7 > 0 .

The two fundamental solutions of the equation are m = é and my = T% and the
Wronskian reads W (my, my) = w10, 79 — M0y = —ﬂ—f. The particular solution
of the equation is obtained,

B ma(7) f(7) m (1) f(7)
mp(7) = —m(T) W (mr.ma) W (7T1,7T2)d7— (5.70)

where f(7) = 2¥(z). Computing the integral results in the following particular
solution ,(7),

dr + 7o (1)

Y
(1) = 77 (5.71)
As a result, the full solution to the equation reads,
A B  VY(z)r
=242 . 72
7(x,7) . + = 5 (5.72)

Here A and B are defined from the initial condition at 7;,;. However, the linear
part of the equation does not change the shape of the scalar field and rescales
the initial function as it is only time dependent.
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Chapter 6. The detection of relativistic corrections in cosmological N-body
simulations

Abstract: Cosmological N-body simulations are done on massively parallel
computers. This necessitates the use of simple time integrators, and, addition-
ally, of mesh-grid approximations of the potentials. Recently, [Adamek et al)
[2016b], [Barrera-Hinojosa & Li| [2020] have developed general relativistic N-body
simulations to capture relativistic effects mainly for cosmological purposes. We
therefore ask whether, with the available technology, relativistic effects like peri-
helion advance can be detected numerically to a relevant precision. We first study
the spurious perihelion shift in the Kepler problem, as a function of the integra-
tion method used, and then as a function of an additional interpolation of forces
on a 2-dimensional lattice. This is done for several choices of eccentricities and
semi-major axes. Using these results, we can predict which precisions and lattice
constants allow for a detection of the relativistic perihelion advancein N-body
simulation. We find that there are only small windows of parameters—such as
eccentricity, distance from the central object and the Schwarzschild radius—for
which the corrections can be detected in the numerics.

6.1 Introduction

We consider here so-called (cosmological) N-body simulations such as
fet al| [2016a} [Springell [2005| [Teyssier] [2002a]. In these numerical studies, poten-
tials between the (many) particles are computed on a lattice (mesh-grid) because
of the way such calculations are implemented on supercomputers. Additionally,
some of these projects (such as |[Adamek et al| [2016b], [Barrera-Hinojosa & Li|
[2020]) add relativistic corrections to the forces and therefore to the trajecto-
ries of particles. The aim of our study is to give bounds on the detectability of
these effects, given the computational restrictions of these large-scale projects.
We will see that in many current simulations, the necessary precision to detect
relativistic effects on the orbits of particles can simply not be achieved.

It is of course not difficult to devise codes which will compute the perihelion
advance under relativistic corrections to arbitrary high precision. It is not the
aim of our paper to study such algorithms, but rather, to see how well the
integration algorithms work in the N-body simulations. In these simulations,
because one considers essentially a gas of many particles, the user is restricted to
rather standard integration methods, which just use the differential equations,
but necessarily can not make use of the many invariants known for the (non-
relativistic) Kepler problem, see e.g., [Preto & Sahal [2009]. Therefore, we need
to first study the performance of standard integration schemes, such as Euler,
Runge-Kutta, and Leap-Frog, because these are the methods which are widely
used. We will see that only with very high precision one is able to detect the
(usually quite small) relativistic corrections. Once this has been done, we can
turn our attention to the effects of the discretizations (of space), which give then
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bounds on the necessary grid constants for which relativistic effects could be
detected. We will determine parameter regions where the relativistic effects can
be detected, and show that, most often, these regions are quite small.

By starting with the simple Kepler problem, in 2, we can concentrate on the
different numerical effects in a systematic and clean way. Even so, the reader
should realize that there are several quantities to be considered. The first is
the numerical precision of the time integrator. We study it here in the context
of the subroutines in ODEX [Hairer et al| [1993], and we also compare it to
other methods, such as Euler, leapfrog (Verlet-Stérmer) [Hairer et all [2003] or
Runge-Kutta with fixed time step.

To do this, we quantify the numerical errors on trajectories of particles re-
volving around a central object. This will allow us to give conditions which
ascertain which orbits in a specific N-body simulation are precise enough to be
able to measure the general relativistic perihelion?| shift.

After this, we consider the particle-mesh N-body scheme, as is widely used, see
e.g., [Adamek et al] 2016a], [Springell 2005]. In it, forces (coming from fields and
potentials) are discretized and represented on a lattice. Such elements ,
are then used to compute the values of the fields at the particles’ positions.

The force interpolation approximations are usually piecewise differentiable,
and, depending on the implementations mentioned above, use different elements.
It is clear that if the mesh size of the approximation (of the force) goes to 0, so will
the error. But the relevant question here is to quantify what kind of phenomena
can be captured, given the numerous hardware and modeling constraints.

Particle-mesh N-body simulations are used to study the evolution of particles
under gravity. These codes can be used to study systems at different scales, from
cosmological scales to the size of the solar system, as the methods and forces
are appropriate for all scales. In the particle-mesh N-body scheme
fet all [2016a} [Springell [2005], space-discretizations are performed to take care
of the large number of particles. We analyze two common force interpolations
which are used for N-body simulations purposes, namely the so-called linear
and bilinear methods, which respectively correspond to first and second order
interpolation. We will see that, under conditions to be specified, the effect of
spatial discretization can be quite large and sometimes depends on the angle 6
between the direction of the perihelion and the axes of the discrete lattice. This
happens when the discretization produces discontinuous forces, i.e., for the first
order force interpolation. In this case the maximal errors are proportional to the
lattice constant dzr. On the other hand, in the second order force interpolation,
when one varies 6, there is a small perihelion shift, fluctuating around 0. These
fluctuations are seen to be of order dz'. Due to the highly nonlinear step size
of ODEX, we are not able to derive analytically this size of the fluctuations.

'We use “perihelion” even if the central mass is not the sun.
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Our numerical tests show that, unless the discretization is extremely fine, the
system will show an uncertainty of the perihelion, for the Kepler problem, for
both force interpolation methods. Our calculations give limits on the detectabil-
ity of relativistic effects, as a function of method, lattice spacing, as well as
eccentricity and the relativistic parameter T = 7y /7per, the ratio of perihelion
distance of the orbit r,e, and the Schwarzschild radius of the central mass rgc.

6.2 Using standard time integrators

Our main interest is the detectability of general relativistic effects in N-body
simulations, and in particular the study of discretization effects. But we first
need to be sure that the time integration which is used in these projects does
not already destroy the precision of the result more than the effect of the space
discretization. This is the subject of this section.

A Hamiltonian problem can be integrated either as a motion in FKuclidean
space, or one can exploit the underlying symplectic structure of the problem. Of
course, there are very good symplectic integrators, [Hairer et al} [2010[, but we
decided not to use them, for two reasons.

The first is that in the particle-mesh N-body codes, the Euclidean approach
is used to solve the system including particles and the fields on the lattice coor-
dinates and expressing the system in symplectic coordinates is difficult. Second,
as noted in [Hairer et al] R003] even the symplectic methods do not preserve the
Runge-Lenz-Pauli vector (the orientation of the semi-major axis). This means
that because of our focus on the relativistic perihelion advance, the symplectic
integrators present no particular advantage. So we will stick with the classical
high-order Runge-Kutta integrators ODEX [Hairer et al} [1993]. Because it al-
lows for “continuous output” we can use it to determine easily the advance of
the perihelion with high precision.

We summarize those properties of ODEX which are relevant for our study.
As we will be working with elements to interpolate forces, we need to explain
how the algorithm deals with discontinuities. This is illustrated in [Hairer et al.
Chapter 11.9 and in particular, Fig. 9.6]. In the interior of a plaquette,
the algorithm chooses a high enough order to reach the required tolerance with
a large time step h. On approaching the singularity, the algorithm lowers the
order (to 4) but decreases h. In fact, the jump is approximated by a polynomial
of degree 4, and this defines something like a new initial condition across the
discontinuity. In the case of Runge-Kutta with fixed time step, the paper [Backl
shows that there is a mean systematic error across the jump, which can
be viewed as a weighted combination of evaluations of the vector field across the
singularity.
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6.3 Perihelion variation for time integrators with
fixed time step

Here, we study the precision of perihelion calculations when working with ezact
forces. In later sections, we will then see how the grid discretization further affects
this precision. Certainly, if we want to discriminate between non-relativistic and
relativistic effects, already the integration with exact forces needs to be precise
enough. This will force us to choose a small enough time step h.

We analyze the perihelion shift for several standard time integrators with
fixed time step, namely Euler, Newton-Stormer-Verlet-leapfrog, 2nd order and
4th order Runge-Kutta.

We call the time step h and we solve the Kepler problem in the form?

(t) = F(t,x)/m , (6.1)

with 2, v, and F in 2 and m the mass of the object. For the convenience of the
reader, we spell out these well-known methods.

Euler method In this case, we solve (6.1) in the form

Unt+1 = Up + anh )

Tyl = Tp + Un—i—lh )

where v,, is the velocity vector at time step (n) which is defined as v,, = (z, — ©,,—1)/h
and a, is the acceleration and is defined as the ratio of the force and mass

an = alty, ,) = F(t,, x,)/m. It is well-known that this implicit/backward Eu-

ler method is more stable than the explicit/forward Euler method. But it is
somewhat more difficult to implement for non-linear differential equations.

Newton-Stormer-Verlet-leapfrog method For this widely used method
(sometimes called “kick-drift-kick” form of leap-frog) [Hairer et al.| [2003][Eq. 1.5],
the updates are

h
Un+1/2 = Un +anz

2

Upt1 = ’UnJr% + an+1§ .

This method is used more often as it is a symplectic method and stable and is
shown to work very well for various stiff ODEs [Hairer et al] [2003].

2All positions, velocities, and the like are in 2.
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Second order Runge-Kutta method Finally, we will comment on the per-
ihelion advance for the 2nd and 4th order Runge-Kutta methods (with fixed
time step h). The Kepler problem using 2nd order Runge-Kutta algorithm—also
known as midpoint method—reads,

kg(gl) =Up ,
kq(}l) = Qp ,
k,gf) = /UTL—&-% 5
kz()Q) - an—}-% )

Tpi1 = Ty + kg(p2)h )

Upt1 = Up + kf)Z)h ,

where k(! is the estimate of velocity (derivative of x) in time step n, k(" is the
estimate of acceleration (derivative of v) in time step n and the same for £(») and
k(?). The acceleration at time n + 1 is obtained by

F(tn+%’ anr%) F(tn+%a Ty + k:(cl)h/2)

m m

Also, to obtain the velocity at time n+ % we need to use k{!). The corresponding
tableau for the second order Runge-Kutta method for each first order differential
equation is

1/2 | 1/2

Fourth order Runge-Kutta method The Kepler problem using forth order
Runge-Kutta method is basically the same as second order Runge-Kutta, but
with three points instead of one point in between to solve the position and
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velocity. The tableau we use for this method is [Butcher], [1963]

0
1/2 | 1/2
121 o 1/2

1/6 1/3 1/3 1/6

6.3.1 Results for various integration schemes

We solve the Kepler problem with the methods described above and find the
perihelion variation for different time steps h. To determine the perihelion point
of the orbit we choose several points near the minimum distance to the central
object after each revolution. Then we fit a parabola (for Runge-Kutta, we take
a 4th order polynomial to find the point closest to the central mass) and the
minimum of the parabola is taken as the perihelion point. Fig. 6.1 illustrates
how this is done, for the particular example of Mercury. The red point is the
perihelion. The spurious shift of the perihelion of Mercury using 2nd order
Runge-Kutta method with h = 0.00625, which is the case considered in Fig. 6.1}
is ~ 7.8x107° radians. We measure the positions in units Giga meters (Gm = 10°
m) , time in Mega seconds (Ms = 10° sec) and masses in M, = 5.972x 10?4 Kg.
In these units, the initial position (at the perihelion), is 46.001272(cos(0), sin(6))
where 6 is the angle between x-axis and semi-major axis. The initial velocity
is perpendicular to the line connecting Mercury and the Sun, with magnitude
58.98. The potential is —GM/r with GM = 132733 measured in the code’s
units °. When we will study the problem on the lattice, the angle 6 will be
important. In Fig. 6.2 the magnitude of perihelion variation for the different time
integrators and the step size h is shown. The horizontal line shows the value of
relativistic perihelion advance, the green/red regions respectively show where the
time integrator precision is/is not good enough to observe relativistic perihelion
advance. Because time integrators over- or underestimate the perihelion, we plot
its absolute deviation (which for Newton’s law should be zero). This absolute
value sets a limit of how small one has to take a time step h to be able to detect
general relativistic corrections to the orbits.

The relativistic parameter T = g, /rper for the Mercury-Sun case with rpe, =
46 x 10% km and ren = 2.95 km is T ~ 6.4 x 1078, The eccentricity of Mercury is

3In units Gm® - ML, - Ms—2.

earth
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e Data
Fitted parabola

46.010

e Perihelion

46.008

Distance [106Km]
5
o
&

—0.04 ~0.02 0.00 0.02 0.04
angle[rad]

Figure 6.1: Detecting the spurious perihelion change for the Kepler problem
for the Mercury-Sun system. For each time step of integration we determine
the angle and the distance from the central body (the blue points), using the
2nd order Runge-Kutta method. We then fit a parabola through these points,
and the minimum of the distance to the Sun is the red point (perihelion point).
Note that the red point is very slightly to the left of 0 and shows the spurious
perihelion shift due to the time integration imprecisions. We use this method to

find the perihelion shift and to decrease the errors we take average over three
revolutions.
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102 Mercury-Sun
—— Relativistic perihelion advance

—e— Euler, Ap=1.6 h'0

10~1{—— Leap-frog, Ap=1.1h20°

—e— RK2, Ap=1.99 h2°
—e— RK4, Ap=0.62 h*°
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Figure 6.2: Achievable precision for different integrators, as a function of step
size h. Shown is the absolute value of the perihelion shift for the Mercury-Sun
problem. To make relativistic corrections distinguishable, only points in the

green region are good enough. The data points correspond to 1/3 of the advance
after 3 rotations.
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~ 0.205630. Both parameters are considered small as the distance of Mercury to
the Sun is much larger than the Schwarzschild radius of the Sun. We therefore
consider also a more extreme case, where the relativistic effects are larger, such
as the stars in the Galactic center known as the S-stars [Parsa et al. [2017] which
are revolving around the central super massive black hole. For one of them, S2,
the relativistic parameter at perihelion point is estimated from measurements to
be T ~ 8.8 x 1075, and the eccentricity is 0.884. The details about the relativistic
parameter and eccentricity can be found in Appendix 6.B|.

In our numerical study, we cover therefore a large range of these parameters.
Our results are summarized for the four integration methods in Fig. |6.2| as a
function of the time step A. In Fig. 6.3 the comparison is done as a function of
T /Yo, where Ty is the relativistic parameter at perihelion point for the Mercury-
Sun system. We also show the dependence on eccentricity.

6.4 Force interpolation

Having considered the numerics of the classical methods, we now study the effect
of discretizing space. We again restrict attention to two dimensions and set,
throughout, the lattice spacing equal to dz | In particular, we study the two force
interpolations (linear and bilinear) which are mainly used in N-body simulations,
see e.g., [Springel} [2005] and [Adamek et al}[2016a], and for which we will present
numerical results. A very useful systematic derivation of finite elements for
derivatives and differential complexes can be found in . The setup
is as follows: We are given a potential ®, in our case the Newtonian potential
O(x1,19) = —GM/\/2? + 23 = —GM /r, from which we want to derive the forces
on the particles. In the bilinear (quadratic) method the mesh is given by integer
coordinates (in Z?), and we assume that ® is known in all points (4, j), with
i,7 € ZP| The force at lattice point 7, j is then approximated by a vector with
components

f(;) _ Pit1; — i
1,7 Y

(v) _
fi,j =

4Due to the discretization, the angular momentum vector might not be conserved and we
might have 3D motion, here we assume that the force perpendicular to the plane of motion
vanishes.

5Finite elements are of course obtained more easily on triangular lattices, but, because of
requirements of large parallel computations, we study the lattice Z2.
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Figure 6.3: Left: The absolute value of the perihelion shift as a function of
the normalized relativistic parameter § = T /YTy, where T; is the relativistic
parameter for Mercury-Sun. The red region shows where the method will fail to
discriminate the relativistic perihelion advance from the integration errors (for
the chosen step size of h = 0.0002). In the green region one can safely use the
method, for that specific orbit. When increasing (3, the numerical perihelion shift
increases, as according to (6.6) the velocity of the object in the perihelion point
scales like v/T, while the perihelion distance scales like % In all the methods
the slope of the curve is higher than the slope of the relativistic advance curve
Ay ~ T, which shows that for the orbits with large relativistic parameters, one
has to choose the method and the time step very carefully. Right: The same
representation as a function of eccentricity e. In all the methods, by increasing
the eccentricity the numerical perihelion variation increases, as according to the
(6.7) the velocity of the object and perihelion distance rescales respectively by

11;60 and 11__:0 . In order to be able to measure the relativistic perihelion advance
at each eccentricity we need to use the method with the appropriate step size, for
example Euler and second order Runge-Kutta do not work for any eccentricity,
while leapfrog is good for e < 0.5 and fourth order Runge-Kutta works perfectly
for all eccentricities. All data points correspond to 1/3 of the advance after 3
rotations
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(i,j+1) d=(i+1,j+1)

o (u,v)

a=(i,j) b=(i+1,j)

Figure 6.4: Notation for a plaquette on the unit mesh in 2.

Note that the difference is taken over 2 mesh points around the point of interest.
Assume that the point # = (u,v) €2 lies in the square with corners

a=(i,5), b=0+17), c=0Gj+1), d=(+1j+1),

cf. Fig. 6.4, We let f® = 1;(;)7 and similarly for the other corners and the
direction (y).

Let ¢ be the integer part of u and let j be the integer part of v, and set
¢ =wu—1,n=wv—J. The interpolated forces are then given by

FO(u,v) = (1= &) + 7€) - (1 =n) + (fD (0 - + £7¢) - m ,
FOu,v) = (f (=) + f) - (1 =) + (A =)+ 1n) ¢ . (62)

Note that “c” and “b” change position between the z and y components.This
interpolation method is called bilinear method as it is combination of two
linear interpolations along the square, so it is a quadratic interpolation |Arnold
2002]. This interpolation is continuous across the boundaries in both directions
and for both components of the vector field. To verify this, one can for example
restrict to the line connecting a and b. Then 1 = 0, and therefore one gets

F@(u,0) =& (1 - &) + £V,
FO(u,0) =f@(1 - &) + fiV¢ .

The important thing is that the values only depend on a and b, but not on ¢ and
d and so continuity is guaranteed. The 3 other edges are similar.

In this scheme, as is well known, one needs 8 evaluations of ® per plaquette.
When the mesh size is dz instead of 1, all the calculations scale accordingly.
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The other method, linear method which is also widely used in cosmological
N-body simulations e.g., [Adamek et al) [2016a] is given, with similar notation—
using g and G instead of f and F—by

gf;) = (I)i+1,j - (I)i,j )
g§;‘§) = (I)i,j+1 - (I)i,j )
G (u,v) = g (1= n) + g,

GW(u,0) = g (1 - &) + g€ ,

with a,...,d as before. This method is of lower order than the previous one, and
needs fewer evaluations. The advantage is that they need less memory, but of
course, it is only 1% order.

Note that if (u, v) crosses the line connecting a and b, then G*) is continuous,
but G® has a jump discontinuity (of order about O(®; ; — ®;,, ;) when i and j
are not too close to 0). Similar considerations hold on the other boundaries of
the unit plaquette.

This scheme only needs 4 evaluations of ® per 2-dimensional plaquette, but
the interpolation is not continuous. The Kepler problem can still be integrated
numerically, but there will appear a spurious phase shift which is caused by the
discontinuity. But the numerical errors again scale with the mesh size, albeit on
a larger scale than in the first method.

We will now present the numerical results for these cases, and then discuss
the limitations they imply on trajectories in N-body simulations. Of course,
often calculations are done in 3, resp. Z2, but for the study of numerical issues,
2 dimensions are enough. Restriction to 1 dimension is too easy, since the two
methods coincide in that case.

6.5 Discretization vs relativistic perihelion ad-
vance

We have seen that high precision is needed to discriminate relativistic effects in
the planar two-body problem. As several N-body codes use—in addition to the
standard numerical integration schemes, a discretization of space—we now study
the effects of these discretizations. To concentrate on them, we use a numerical
integration of very high precision (ODEX, tolerance 8 - 107!) so that the effects
described earlier are minimal, and the effect of discretization becomes visible.
As we want to measure the perihelion advance due to the discretization we
stick to the general equations in which we do not use the symmetries of the
Kepler problem. We just assume that the motion is on a plane and we solve the
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equations for the relative distance between two masses assuming that m < M,

($,y) = (UI,Uy) )
(b2, 0y) = (H®) (u,0), HY (u,0)) |

where H® (u,v) is F® (u,v) or G® (u,v) as defined in Section 6.4 .

We have, so far, analyzed in detail how much numerical precision is needed to
detect general relativistic effects, as a function of eccentricity and the relativistic
parameter 1.

We start by presenting results for the bilinear interpolation (6.2). The sim-
ulations are done as follows: We take the parameters for Mercury, with initial
position at 46.001 - (cos(f),sin(#)) and a velocity perpendicular to the Mercury-
Sun line, of magnitude 58.98, in the counterclockwise direction. We require a
tolerance of 8 x 107!, which is attainable with quadruple precision, using ODEX.
For each value of 6, we determine the time for 1, 2, and 3 returns to the perihe-
lion. The perihelion is found by looking for that angle where the distance from
the sun is minimal. This angle is found by linear and quadratic bisection, up to
machine precision, using the “continuous output” from ODEX." We repeat this
for 180 initial angles covering 360 degrees in steps of 2 degrees, and this gives us
3% 180 data points.’| In Fig. 6.5 and Fig. 6.6 we show the results for several values
of dz, for linear and bilinear approximation. Further inspection shows that these
distributions are close to Gaussian, but the variance is somewhat smaller than
dx, actually dz'? is a reasonable approximation. As we mentioned before, an
analytic estimate of this variance is difficult, because ODEX works with variable
step size and order, with quite dramatic changes near the edges of the plaquettes.

In the case of the linear interpolation, the discontinuity leads to an effective
advance of the perihelion, which furthermore depends strongly on the initial angle
0. Qualitatively, this can be understood by the angles at which the orbit crosses
the discontinuities. Using otherwise the same parameters as above, the results
are summarized in Fig. 6.7, The advance A of the perihelion follows closely a
cosine (with a phase-shift) A/dx ~ 0.145cos(6 + 2.34) ~ 0.145cos(0 + 37/4).
We also checked that the advance of the perihelion changes sign if the initial
velocity changes sign. Also note that the average of the advance of the peri-
helion is close to zero. To generalize the results to include different orbits in
N-body simulations especially the ones with high eccentricity and high relativis-
tic parameter, we studied how the perihelion shift depends on eccentricity and
relativistic parameter. These are shown in Fig. |6.7. Given the number of parti-
cles considered in current N-body simulations (e.g., 7000 in [Yu et al] [2017] )

6We use the standard algorithm “zeroin” of Dekker.

"For example, after 3 turns, we divide the total angle by 3, we do not take the differ-
ence between the angle for 3 and 2 turns. Of course, errors on these points will average out
somewhat.
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and the restrictions of current hardware, (same number of lattice points), we see
that relativistic corrections of the orbits can not be detected.
An interesting effect of the discretization for fixed dx is the dependence on

eccentricity e. We observed that the deviations scale about as ﬁ for the

linear interpolation. This means that the effect is largest at extreme values of
e. The deviation is also proportional to T, while the relativistic correction is
proportional to $

The code for such tests and for other parameters can be obtained from the
authors.

Linear interpolation method, (e =0.2, 8= 1) Bilinear interpolation method, (e =0.2,8=1)

dx=0.05 . 80 dx=0.02
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Figure 6.5: Left: Linear interpolation: The advance of the perihelion due to
the discretization effect depends on the initial angle of the perihelion. For each
value of dx, we show the deviation in radians, divided by dx. The curves clearly
coincide. This shows that the deviations scale linearly with dzx.

Right: Bilinear interpolation: We consider the perihelion shifts, divided by
dxz'3, for 180 equally spaced initial angles of the orbit. The bar graphs show the
distribution of these quantities, for various choices of dz. We see that they obey
a Gaussian fit (the solid lines). This shows that the shifts are random.

6.6 Conclusions

We see that the numerical study of relativistic effects can have two problems.
First, the integration method must choose a small enough time step to reach a
precision which is better than the size of the relativistic correction. Second, if,
additionally, the forces are discretized, the grid size must be quite fine, so that
the relativistic corrections are not washed out by the approximation.

In particular, our results allow one to estimate for which choices of T, e, and
0, the relativistic effects are larger than the numerical and discretization effects
generated by h and dx.
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Figure 6.6: Dependence of the standard deviation of the perihelion shift for the
two methods, as a function of dx. For the bilinear method, numerical fluctuations
are too large to get reliable results for do < 1073, The grey regions around the
fitted blue and magenta lines show the 50% deviation from the central fit value.
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Figure 6.7: Comparison of linear vs. bilinear interpolation. Left: Behavior as
a function of the theoretical relativistic parameter 3. The green line shows the
relativistic perihelion advance and therefore the green/magenta area determines
the regions for 5 where one can/cannot detect the perihelion advance. Note that
for the parameters e, dz, and Ngiq used in the figure, no method is able to detect
relativistic corrections.

Right: The same study, now as a function of eccentricity e. According to the
green/magenta regions the relativistic effects can not be detected for the choice
of 3, dz, and Ngiq.
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APPENDIX

6.A Newtonian and relativistic orbits

Here first we review the equations of motion and properties of the orbits in
the mechanics of Newtonian particles, then we derive the equations for general
relativistic motion. In 2-dimension polar coordinates (7, ¢) the Newton equations
take the form

GM

f—r&z— 5

r

Writing the angular momentum per mass [ in polar coordinates results in
l=1r%p .

Changing the variable to u(¢) = 1/r(¢) gives
—utu=——o . (6.3)

To obtain the relativistic perihelion advance we repeat, for the convenience of
the reader, some parts of [Stephanil 2004} p. 193]. The Schwarzschild metric as
a spherically symmetric vacuum solution reads,

—1
d52 — _(1 _ TSiCh )C2dt2 + (1 _ rSCh) d’r2 —+ 7’2 (d62 + Sin2 ed(bZ) ,

T r

where 7y, is the Schwarzschild radius, defined by 74, = 2%,M ,tand r, 0, ¢ are re-

spectively time and spatial spherical coordinates.®| To obtain geodesic equations
one starts from the classical action of massive test particle,

xH x¥
A= —mo/ —Gu————dr
In dr dr
where m, is the mass of the object. Applying Euler-Lagrange equation to the
Lagrangian of the test particle gives four equations, in which one sees that the
angular momentum is conserved. Therefore, the motion is in a plane. By simple
algebra on the equations one finds the equation of motion as
d? GM 3 9

WU+U: 2 +§Tschu7

(6.4)

81n this section, @ is not the angle of the major axis, but just one of the 3 Euler coordinates.

202



6.B. The parameterization of orbits

which is like Newton’s equation (/6.3)) plus a term which is coming from relativistic
correction. We solve (6.4]) to obtain the relativistic perihelion advance per period,
which is well approximated by

37TT’SCh
a(l — 62) ’

where a is semi-major axis and e is the eccentricity of the orbit.
For Mercury, this leads to the well-known advance of 42.98 arc sec perihelion
advance per century, or ~ 0.103 arc sec per period.

Ag, ~ (6.5)

6.B The parameterization of orbits

To see the effect of discretization on different orbits in N-body simulations, we
parameterize a general orbit with three parameters (1,6, e), where e is the ec-
centricity, T is the relativistic parameter at perihelion and 6 is the angle of semi-
major axis with the lattice squares. It is important to note that, these parameters
are enough to explain any closed orbits in N-body simulations. Moreover having
the three parameters one could uniquely construct the mass of central object as
well as the initial position and velocity of the particle.

Relativistic parameter The relativistic parameter T = Tsch for a fixed mass
of central object it shows the scale of the orbits and for a fixed size of the orbit
it is an indicator of the mass of central object. If we assume that the mass of
central object is fixed, by changing the relativistic parameter, different quantities
of the orbit would scale as following,

M— M, Foor — rfIf* , (6.6)

T — 1327 , Uper — \/Tvper )

Tper 15 the perihelion radius, T is the period of the orbit and vy, is the velocity of
the object in the perihelion point. To rescale the orbit for the fixed central body
mass and fixed eccentricity one has to change the initial conditions as following
to obtain the new orbit,

r
per
Ty = T ) Yo = 07

v, = 0, vy =V T Uper .

We could of course change the central object mass instead of changing the size
of the orbit while having the same relativistic parameter.
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Eccentricity Another parameter which is important in characterizing an orbit
is the eccentricity, to change the eccentricity we keep the semi-major axis length
fixed and we change the positions and velocities in the perihelion point to recover
the desired eccentricity for the orbits

1—e [1+e
Tper — 7,per 1—760 ) Uper_> Uper m ) (67)

where e is the new eccentricity and ey is the reference eccentricity (in our case
mercury). Note that changing eccentricity also results in changing the perihelion
distance and relativistic parameter.

Rotation It appears that the angle between the semi-major axis and the lattice
squares, is an important parameter specially in the linear force interpolation. To
rotate the orbit by angle 6§ we can follow the coordinate transformations and
start from the following initial condition to obtain the correct orbit,

Zo = Tpercos(0) , Yo =Tper Sin(0) ,

Vg =—Uper Sin(6) , Uy =Uper cOS(0) .

In Fig. 6.8 we have illustrated the orbits with different ellipticity, relativistic
parameter and angle obtained from numerical results.
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Orbits for different Y, e and 6

100
50
0
=
O -50
=
-100
—— B=1,e=0,6=0
—1501 — B=2,e=0.0,6=0
— B=15£,e=08,6=0
— B=37,e=0.8,6=0
—2001 — g=1,e=0.8,6=90
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x[Gm]

Figure 6.8: Some examples of the parameterization of elliptic orbits, which show
the role of B = T /Ty, e, and #. The orbits are obtained by solving the differential
equations.
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Chapter 7. N-body simulations for parametrised modified gravity

Abstract: We present MG-evolution, an N-body code simulating the cos-
mological structure formation for parametrised modifications of gravity. It is
built from the combination of parametrised linear theory with a parametri-
sation of the deeply nonlinear cosmological regime extrapolated from modi-
fied spherical collapse computations that cover the range of known screening
mechanisms. We test MG-evolution, which runs at the speed of conventional
ACDM simulations, against a suit of existing exact model-specific codes, en-
compassing linearised and chameleon f(R) gravity as well as the normal branch
of the Dvali-Gabadadz-Porrati braneworld model, hence covering both large-
field value and large-derivative screening effects. We compare the nonlinear
power spectra produced by the parametrised and model-specific approaches over
the full range of scales set by the box size and resolution of our simulations,
k = (0.05 — 2.5) h/Mpc, and for two redshift slices, z = 0 and z = 1. We find
sub-percent to one-percent level recovery of all the power spectra generated with
the model-specific codes for the full range of scales. MG-evolution can be used
for generalised and accurate tests of gravity and dark energy with the increasing
wealth of high-precision cosmological survey data becoming available over the
next decade.

7.1 Introduction

A wealth of high-precision measurements in the Solar System, of astrophysical
objects, of gravitational wave emissions, and in the laboratory have put Ein-
stein’s Theory of General Relativity (GR) under intense scrutiny
016} Baker et al] P019] [Hulse & Taylot} [1975] [Kapner et al] 2007} [Will, R014].
In these regimes GR has successfully passed all tests so far. Its application to
cosmology, however, involves vastly different length scales, which in orders of
magnitude compare to the extent of the Solar System as the scale of everyday
human experience to the scale of an atomic nucleus. It is therefore important to
conduct independent tests of GR in the cosmological regime. The necessity of
a dominating dark sector to explain the cosmic large-scale observations
et all] 2018 [Hildebrandt et al] [2016] [Perlmutter et al] [1999] [Planck Collab-]
foration et al| [2018] [Riess et al| [1998b] provides additional motivation for this
endeavour. Traditionally the late-time accelerated expansion of our Universe has
been a particularly important driver for the development of modifications of GR.
As direct cause of the acceleration this motivation is, however, challenged by the
confirmation of a luminal speed of gravity [Abbott et al| [2017] [Lombriser &|
, . But cosmic acceleration could nonetheless be attributed to a dark
energy component that may couple nonminimally to matter, modifying gravity
and leaving an observable impact on cosmological scales.

The past two decades have seen a steep growth in cosmological tests of
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gravity and dark energy [Ishakl [2019] [Joyce et al. [2016al [Koyamal [2016[, and
in the upcoming years, we will benefit from numerous high-precision experi-
ments [Aghamousa et al} [2016b}, [LSST Dark Energy Science Collaboration [2012]
[Laureijs et al] R011] [Walcher et al] R019] [Weltman et al] 2020] that will enable
us to put tight cosmological constraints on the properties of dark energy and
modified gravity theories. Specifically, we will see an increase in the wealth of
high-quality data in the nonlinear regime of cosmic structure formation. This
is a regime of particular interest for tests of gravity since viable modifications
of GR must employ screening mechanisms [Babichev et al} 2009} [Hinterbichler|
[& Khoury] 2010} [Khoury & Weltman| 2004} [Vainshtein] [1972] to recover GR. in
high-density regions to comply with the stringent bounds from Solar-System,
astrophysical, gravitational wave, and laboratory experiments. These are in-
herently nonlinear effects and naturally in the nonlinear cosmological small-scale
structure is where modified gravity transitions to GR and thus also where unique
signatures of screening are to be expected. The forthcoming nonlinear cosmo-
logical survey data therefore make cosmological tests of gravity a very timely
enterprise.

To predict the complex nonlinear structure formation due to gravity, we typ-
ically rely on N-body simulations. N-body codes have been developed for a
range of alternative gravity models [Baldil 2012} [Barreira et al.} 2013} [Brax et al.|

P0T2H, [Li et al] P012a] [Li et al] R013] [Llinares et al] R014] [Mead et all] 2015
[Oyaizu et al] 008 [Puchwein et al] 2013] [Schmidt et al] [2009a] [Valogiannis|
[& Bean] Wyman et al] R013] [Zhao et al] R011] (for an introductory text
see 12018 ). Importantly, these simulations model the cosmic structure of
specific modified gravity theories. However, a plethora of modified gravity mod-
els are conceivable based on the prospects of novel interactions of matter with
new fields. A systematic approach is therefore required to more comprehensively
explore the manifold cosmological implications from the possible modifications
of gravity. But this is not feasible with a model-by-model implementation in
N-body codes. Hence, much effort has gone into developing parametrisation
frameworks (see [Lombriser| [2018] for a review). While parametrisations of the
linear and quasilinear modifications are well understood, it is less clear how to
develop parametrisations of modified gravity in the deeply nonlinear cosmologi-
cal regime. In general, spherical collapse computations have proven very useful
in capturing the modified gravity effects at deeply nonlinear scales. Motivated by
the variety of screening mechanisms that can operate in scalar-tensor theories,
a parametrisation of the modified gravitational forces acting on the spherical
top-hat overdensities has been developed in [Lombriser| [2016]. Together with lin-
ear and quasilinear parametrisations the spherical collapse parametrisation can
be used in an adapted halo model framework to model the nonlinear matter
power spectra of arbitrary modified gravity theories [Cataneo et al} [2019]. An
N-body implementation of such a parametrisation framework, covering the lin-
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ear to deeply nonlinear regime, has so far not been developed. N-body codes
for parametrised modified gravity exist in the context of large-field value screen-
ing [Brax et al] [2012a], which however does not encompass models with large-
derivative screening, or for purely phenomenological parametrisations |[Thomas
[& Contaldil 2011], which however do not accurately represent the effect of screen-
ing mechanisms in the cosmic structure formation. A physically motivated but
general parametrisation of modified gravity effects for the implementation in N-
body codes would both allow to simulate specific models with one code as well
as to broadly parametrise and explore the modified gravity effects in simulations
for the multitude of conceivable models and test these against the future survey
data.

In this paper, we develop and present the first N-body code, dubbed MG-evolution,
for parametrised modifications of gravity that encompass all known screening ef-
fects. We derive the parametrisation from generalised linear theory and the
parametrised spherical collapse model of [Lombriser| [2016]. We describe our
parametrised simulations and test the performance for three types of modifi-
cations for which exact N-body simulation data are available. These are the
linearised and chameleon f(R) gravity models |[Hu & Sawickil [2007] and the
normal branch Dvali-Gabadadze-Porrati (nDGP) model [Dvali et al] 2000]. For
a comparison of the simulation outputs we present the nonlinear matter power
spectra produced by these models within the parametrised and exact approaches.

The paper is organised as follows. In Sec. 7.2, we review the linear and
nonlinear parametrisations of modified gravity in Fourier and real space, re-
spectively. We then introduce a Fourier-space parametrisation that covers all
scales and discuss its implementation in N-body codes. We develop and test
our MG-evolution N-body implementation in Sec.|7.3. We test the performance
of the parametrised code in reproducing the exact N-body results of existing
codes for linearised and chameleon f(R) gravity as well as the nDGP model.
We conclude with a discussion of our results in Sec. 7.4. Finally, we discuss
details of moving beyond the quasistatic approximation and differences between
simulations of parametrised modified gravity in Fourier and real space in the
appendix.

7.2 Parametrising modified gravity for N-body
simulations

The cosmic structure formation in a given gravitational theory is most accu-

rately modelled with N-body simulations, where the particles in the simulation

are incrementally displaced from their initial positions according to the Poisson
equation. This computation is conveniently performed in Fourier space, where
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the effective Poisson equation is given by

k

<a> ®(a, k) = AnGeg(a, k, .. .)0pm(a, k). (7.1)

Ger(a, k, . ..) denotes the effective gravitational coupling, in general a function
of time and wavenumber k, which parametrises the effects of alternative gravity
theories on structure formation. The gravitational potential ¥ is cast in the
Poisson gauge with the line element

ds* = a®(1)| — 2Vdr? + e % ;;dx' da? (7.2)

and dp,, denotes the matter density perturbation.

In addition to the modification of the Poisson equation, modified gravity mod-
els typically also introduce a gravitational slip between the spatial and temporal
gravitational potentials, quantifying an effective anisotropic stress. In general,
modifications of gravity can also change the cosmological background expansion,
but our focus here is on the parametrisation of linear (Sec. 7.2.1) and nonlinear
(Sec. [7.2.2) effects on structure formation. For simplicity, for the practical ex-
amples in Sec. [7.3 we shall therefore specify to models with a ACDM expansion
history, but we stress that the formalism introduced here is not dependent on
this choice. For a review of general parametrisations of modified gravity, we refer

the reader to |Lombriser| |2018|.

7.2.1 Linear parametrisation

At the level of linear perturbations and in the quasistatic regime, where we
neglect time derivatives with respect to spatial derivatives, the effective modifi-
cation of the Poisson equation of local four-dimensional metric theories of gravity
that lead to at most second spatial derivatives in the equations of motion takes
the form [Silvestri et al.| [2013]

1+ pi(a)k?
pa(a) + ps(a)k?’

GenL(a, k) = (7.3)

where p;(a) are generally three independently free functions of time. Note that
more accurately one may adopt a semi-dynamical approximation |[Lombriser &
[Taylor} [2015b], as discussed in App. 7.Al which includes the evaluation of the
time derivatives at a pivot scale that can be absorbed into Eq. (7.3). This correc-
tion typically only contributes at near-horizon scales, but it becomes particularly
important for scalar-tensor theories with higher-order derivatives, where it con-
tributes to leading order at all linear scales.
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7.2.2 Nonlinear parametrisation

A parametrisation of modified gravity effects on the nonlinear cosmic structure
formation that captures all known screening mechanisms has been proposed in
[Lombriser| [2016] through the parametrisation of the spherical collapse equations
in real space. The effective gravitational coupling in this approach can be written
as

No N;
Geffé‘m:AJrZBinij, (7.4)

i j
where A corresponds to the effective coupling in the fully screened limit, typi-
cally unity, B; is the coupling in the fully unscreened limit, e.g., Eq. (7.3)) that
can be computed using the linear theory, Ny and N; characterise the respective
number of transitions, and 7, j are positive integers. The F;; are some transition
functions parametrising screening or other suppression effects. To parametrise
these transitions [Lombriser| [2016] adopted a generalised form of the Vainshtein
screening effect in nDGP (Sec. [7.3.3) with

SR | [N )

where ry denotes the screening scale, which in general can be time, mass, and en-
vironment dependent. The parameter ay (should not be confused with the scale
factor a) determines the radial dependence of the coupling in the screening limit
along with b that characterises an interpolation rate between the screened and
unscreened limits. Screening effects such as the chameleon [Khoury & Weltmanl
2004 [Li & Efstathiou] 2012} [Lombriser et al] 2014] symmmetron [Hinterbichleq
& Khoury] [2010] [Taddei et al] 2014], k-mouflage [Babichev et al] 2009 [Brax &
[Valageas] [2014], and Vainshtein [Dvali et al] 2000} [Schmidt et al] 2010} [Vain]
shtein} [1972] effects as well as other suppression effects such as the linear shielding
mechanism [Lombriser & Taylor| [2015a] or Yukawa suppression approximatively
but analytically and sufficiently accurately map onto this transition function by
specifying the expressions that the corresponding couplings assume in the limits
of large and small r and r — r¢. Furthermore, it was argued that in principle
the parameter values can directly be determined from the action of a given grav-
itational theory after adopting the scaling method of [McManus et al.|[2016] and
counting the powers of second and first spatial derivatives and the scalar field
potential.

Note that one may also adopt other transition functions to interpolate be-
tween the two different regimes than Eq. (7.5) such as a tanh or sigmoid

2019b] function and perform the analogous matching of the limits.

Finally, for our practical examples in Sec. |7.3 we will only consider models
that recover GR in the fully screened limit, thus, A = 1 in Eq. (7.4), and for
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which there is only one screening effect operating (Ny = NV; = 1). Hence, B; = B
is given by the linear effective coupling in Eq. (7.3), and F;; = F shall be specified
by Eq. (7.5)).

7.2.3 Full parametrisation in Fourier space

To model the effective modification of the gravitational coupling on all scales,
the linear and nonlinear limits, Eqgs. (7.3) and (7.4)), may be combined into one
expression, for instance, by adopting Eq. (7.3) for B; in Eq. (7.4). But this
simple combination can only be performed for models where Eq. (7.3)) is scale
independent such as in nDGP gravity (Sec. |7.3.3). More generally, one must
perform a Fourier transform of either Eq. (7.3) or Eq. (7.4) to unify the effective
modifications in either real or Fourier space. We discuss the advantages and
disadvantages of the two different approaches in App. 7.Bl. Due to the simplicity
in solving Eq. (7.1), we adopt the Fourier space approach as our main method,
and in the following we discuss the procedure we adopt to convert Eq. (7.4)) into
a nonlinear effective gravitational coupling in Fourier space.

For this purpose, instead of the real space description in Eq. (7.4), we wish
to write the parametrised gravitational coupling as

Geﬁé? i A+ZB Hf”, (7.6)

where F;; are now transition functions in Fourier space that parametrise screen-
ing or other suppression effects,

ST e

with ko characterising an effective screening Fourier wavenumber. Note that
Eq. (7.6)) is not simply a recasting of Eq. (7.4) into Fourier space, which instead
involves complicated convolutions (see App. [7.B).

An immediate advantage of working in Fourier space is that we can now
directly adopt Eq. (7.3)) for the linear limit B;. We stress, however, that the
phenomenological parametrisation (7.7)) can also be configured to match the scale
dependence of the linear (or linearised) effective coupling given by Eq. (7.3). This
is due to the applicability of the transition function to the Yukawa suppression
[Lombriser] [2016]. We test the performance of this description in Sec. |7.3.1.

The crucial aspect of converting Eq. (7.4) into Eq. (7.6) is how the screening
scale ro in Eq. (7.5) must be reinterpreted for Eq. (7.7) in terms of ky. We
adopt the following procedure for this conversion. As in [Lombriser| [2016] for
the computation of the modified spherical collapse, we first replace » — a rqyn,

213



Chapter 7. N-body simulations for parametrised modified gravity

where ry, is the comoving radius of a top-hat density p,, characterising a halo in
our simulation and y, = (pm/pm) /* denotes the dimensionless top-hat radius
with the cosmological background density p,,. We then perform the replacement
Yn/Yo — ko/k motivated from the scaling relation y ~ r ~ 1/k in which take a
single wavenumber in Fourier space, k corresponding to a radius, r in real space.
This approximation relies on the fact that we assume an oscillatory behavior
with a wavenumber r for the densities and potentials of the structures in real
space. The dimensionless screening scale typically evolves in time and can also
be dependent on mass and environment y.,,. We thus perform the additional
replacement ¥y, /Yeny — Kenv/k. Note that hereby the screening scale kg can hence
become effectively k dependent due to dependencies on mass and environment.

For our simulations of parametrised modified gravity, we will focus on models
with one screening transition with and without the addition of a linear Yukawa
suppression. In this case, the effective parametrised gravitational coupling of the
nonlinear Poisson equation simplifies to

Geg(a, k) AGear, (ko)™ B\
TR = b<k> v 1y, (7.8)

where AGeg = Geg — G.

As with the linear modification there are two options of using a parametrisa-
tion of Geg. One can either compute the functions p;(a) along with kg, b and a; for
a specified modified gravity model, or one can phenomenologically parametrise
these components and perform a simulation for a given set of parameter values.
Cosmological observations may then be used to generally constrain the available
parameter space. Here, we will follow the first approach and test the performance
of the parametrised simulation framework with specific models against the simu-
lation output of correspondent model-specific N-body codes. We will, however,
allow for a calibration of the model parameters in the expressions derived for kq or
of the interpolation parameter b against the model-specific simulations when not
predicted analytically. While the parameter values could be computed numeri-
cally by other means [Lombriser] [2016], the motivation behind this approach is
that in a parametrised approach it is primarily important that a set of parameter
values can be chosen to reproduce a model. If observations favour a nonstandard
set of parameter values, the exact model these parameters correspond to may
still be determined in retrospect. It is however generally feasible to replace the
calibration with analytic predictions or simple numerical computations, and we
expect future work to improve upon this point. But this is beyond the scope of
this first exploratory work.
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7.2.4 Implementation in N-body code

For our simulations of parametrised modified gravity, we use a Newtonian version
of the gevolution N-body code [Adamek et alf [2016b|, where we implement
the parametrised gravitational coupling in Fourier space, Eq. (7.8). We shall
refer to this implementation as the MG-evolution code. Note that gevolution is
a particle-mesh N-body code, in which in the Newtonian version the Poisson
equation is solved in Fourier space to update particle positions and momenta.
In contrast, in MG-evolution the modified Poisson equation is used to move
the particles in the N-body code. It is worth mentioning that gevolution, as
a relativistic N-body code, is mainly developed to study the relativistic effects
in the cosmic large-scale structure. Although we currently use the Newtonian
version of gevolution, it paves the way for an implementation of a modified gravity
parametrisation that includes relativistic effects.

Due to the simplicity in our implementation, the run-time for a parametrised
modified gravity simulation is almost the same as for ACDM runs. This is
a great advantage of the parametrised N-body code over exact model-specific
simulations, which can slow down simulations tenfold [Li et al.| [2012b].

To test the accuracy of our parametrised approach, in Sec. [7.3| we compare
our simulation output against that of other simulations for a range of well studied
specific modified gravity models.

7.3 Testing the N-body code

In order to test our framework for the parametrised modified gravity N-body
simulations introduced in Sec. [7.2] and its MG-evolution implementation in
gevolution (Sec. [7.2.4), we shall consider three toy scenarios: linearised f(R)
(Sec. 7.3.1)), chameleon f(R) (Sec.|7.3.2), and nDGP gravity (Sec.[7.3.3). These
are representative for the different types of suppression effects one can encounter
in modified gravity models: linear effects (Yukawa) as well as screening by
large potential wells (chameleon) and large derivatives (Vainshtein) [Joyce et al|
U163

For the MG-evolution simulations we use N,q = 2563 for the number of
particles, a boxsize of L = 200 Mpc/h, and Ngiq = 256° for the number of grids.
These are relatively small simulations but suffice for our purpose. The f(R) and
nDGP simulations used in this work for the comparison are taken from
[2019), which were run using ECOSMOG [Li et al] [2012h], an extension of
the RAMSES code [leyssier| [2002b] that has been developed to simulate different
classes of non-standard gravity models. The cosmological parameters adopted
in all of the simulations are Q,h? = 0.02225, Q.h? = 0.1198, H, = 100h =
68 km s—'Mpc ™!, A, = 2.085 x 1072 and n, = 0.9645. Our test quantity for
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the comparison of the output of the parametrised against the exact modified
gravity model N-body simulations will be the matter power spectrum, for which
we shall consider the range of scales where the upper bound in k, 2.5 h/Mpc,
is set according to the Nyquist frequency!'| of our MG-evolution simulations and
the lower bound, 0.05 h/Mpc, is set by their boxsize. It is worth mentioning that
as the data from the low-resolution simulations are very noisy, so for the sake of
better illustration, the data in all the figures in this paper are smoothed with a
Gaussian filter to remove the noises. The standard deviation for Gaussian kernel
is taken o = 2.5 in all simulations. We use gaussian_filter function in SciPy 1.0
[Virtanen et al [2020] to do the smoothing.

Like in gevolution in MG-evolution the initial conditions are configured using
a linear Boltzmann code, here CLASS [Lesgourgues| 2011], at high redshifts, where
perturbation theory is still valid. We refer to App. A of [Adamek et al.| [20164]
for more details on producing the high-redshift initial conditions with linear
Boltzmann codes. For the numerical results presented in this paper we use
z = 100 as the initial redshift. Since the modifications of gravity of interest
here reduce to GR at early times, we choose the same initial conditions for our
modified gravity runs as for the ACDM simulation. Note that we do not use the
same seeds as used in [Cataneo et al| [2019], but since we compare the relative
difference between the modified gravity and ACDM matter power spectra, i.e.
Pua=Pacom  the error introduced due to the cosmic variance is almost cancelled

Prcpm
out.

7.3.1 Linearised f(R) gravity

At linear scales of f(R) gravity in the quasistatic limit, the modified Poisson
equation (7.1) in Fourier space takes the form
4 1 p2a®
E*®, = —4 G<—> 0Pk 5 7.9
where ®; denotes the Fourier transform of the gravitational potential. The
Compton wavelength A of the scalaron field and its mass u are specified by

_ —6 fro 1 gA
2 )2 = z 1
K 3HZ(Q + 49)) (a3 + g]‘\ ’ (7.10)

where we have assumed a [Hu & Sawicki [2007] model with exponent 7 = 1.
The model parameter fry = df (R)/dR(z = 0) parametrises the strength of the
gravitational modification and together with the usual cosmological parameters
fully specifies the f(R) modification. Eq. (7.9) can be cast into Eq. (7.3) and

'We remove part of the data because of the error introduced by finite resolution effects.
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can also be adopted at nonlinear scales, which corresponds to a linearisation of
the effective gravitational coupling G.g [Oyaizu et al] R00§].

Hence, while the mapping of linearised f(R) gravity into our parametrised
framework described by Eq. (7.8) can be done exactly, we shall test here the
performance of the parametrisation (7.7)) for the Yukawa suppression described
by Eq. (7.9). Thus, we want to express Eq. (7.9) as

1\
1+-] =1 7.11
() )
where p = (M)_af, ay = =2 and n =

o T W‘A) can be inferred from the limits of

Eq. (7.9) following the procedure laid out in [Lombriser| [2016].

We compare the matter power spectra produced in the parametrised frame-
work against those from the simulations of the exact modification, both imple-
mented in MG-evolution, in Fig.|7.1. We consider two strengths of the modifica-
tion, fRo = —107% and fRo = —107% and two redshift slices at z =0 and z = 1.
The parametrisation (7.11)) produces an accurate match to the exact simulations
with Eq. (7.9)) for all of these outputs and for the full range of scales up to k = 2.5
h/Mpc. The interpolation parameter seems to assume the universal value b = 3
independent of redshift and strength of the modification.

While the parametrised transition function accurately reproduces the Yukawa
suppression, as discussed in Sec. [7.2.1, the adoption of Fourier space for the de-
scription of the effective gravitational coupling Geg(a, k) in the Poisson equation
allows us to directly make use of the simple linear expression (7.3) instead. We
shall thus adopt Eq. (7.3)) for the Yukawa regime in the following.

AGar b
G Yukawa — 3p

7.3.2 Chameleon f(R) gravity

Next we shall consider parametrised simulations for the full f(R) model, without
the linearisation performed in Sec. [7.3.1. We parametrise the effective gravita-
tional coupling of the model with Eq. (7.8). For the Yukawa regime, we can
simply adopt Eq. (7.3) and hence we are left with a parametrisation of the
chameleon screening mechanism by Eq. (7.7). More specifically, we write the
parametrisation as

AG, AG, AG,
Tﬁ‘tot = TH’Yukawa X Tﬁ|0hameleon7 (712>

where % |vukawa 18 given by Eq. (7.9). The chameleon screening regime % | Chameleon
in contrast is parametrised as

AG (ko k\ars
?‘Chameleon - b(l{?) {|:1 + (l{}o) :| — 1} . (713)
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Figure 7.1: Relative difference between the matter power spectra produced by
the parametrised (Eq. (7.11))), and exact (Eq. (7.9)) MG-evolution implemen-
tations of the Yukawa suppression in linearised f(R) gravity for redshifts z = 0
(left panels) and z = 1 (right panels) and three different values of the interpo-
lation parameter b. The simulations are run for frg = —107° (top panels) and
fro = —1075 (bottom panels). The value b = 3 provides a good match of the
parametrised simulations to the exact implementation.
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Figure 7.2: Same as Fig. but for chameleon f(R) gravity with comparison of
the parametrised MG-evolution simulations against the exact model simulations
[Cataneo et al| [2019]. The parametrised simulations were run for four different
values each of the interpolation parameter b and the environmental suppression
scale keny, where the corresponding comoving top-hat radius was fixed to ry, =
7 Mpc/h. Top panel: For the values (b = 1.1, kepy = 0.16 h/Mpc) at z = 0
and (b = 1.7, keny = 0.2 h/Mpc) at z = 1 we find a ~ 1% match over all scales
to k = 2.5 h/Mpc. Bottom panel: A match of ~ 1% is found for (b = 5.0,
keny = 0.1 h/Mpc) at z = 0 and (b = 6.0, kepy = 0.005 h/Mpc) at z = 1.
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To find £ T we will first inspect the real space parametrisation in Eq. (7.5), de-
scribed by| ombriser] [2016]. Here, the screening scale r( is determined by the
relation between thin-shell thickness x of the chameleon mechanism and the
physical top-hat radius r,. More specifically,

AgEH = ?1) {14 min (2 - 1)*,0[} (7.14)

with thin-shell thickness
v = —017“7(02_2 _ 03—2) , (7.15)

where the coefficients are given by

 —fro (Qm+4QA>2
=9 mHZr 40, ’ (7.16)
0,
CQ — 4Q §h7 (717)
6
2= 02<y ) (7.18)

and y, = -
acterising a dimensionless environmental radius. We also have yy =
dimensionless screening scale. Note that r is a physical radius whereas ry, is the
comoving top-hat radius.

In the screened limit, we have AGes/G =~ x (r < 1) and AGe/G =
b(r/re)"/3 (r < ry) in Eq. (7.5)). Performing the approximation y oc 7 o< k™1, we
obtain

—1/7
To k 301 < k )6 k
N —10p = 7.19
r ko {bcgmaxl Ko/ a’ (7.19)

where a is the scalar factor and we have used the maximum function to prevent
negative screening scales when k < ke, with ke, denoting the effective envi-
ronmental wavenumber. There are three parameters in this expression, namely
the interpolation rate b, the comoving top-hat radius r¢, and the environmental
Fourier wavenumber k.,,. The top-hat radius and environmental wavenumber
need to be understood here as effective, or average, quantities. While 7, and
b are degenerate in k/kg, b also appears in %|Chameleon. In principle, these pa-
rameters could be determined from theory [Lombriser} [2016], but for the reasons
discussed in Sec. [7.2.3 we shall treat them as free parameters. For simplicity,
however, we set the comoving top-hat radius to ry, = 7 Mpc/h, motivated by a
typical galaxy cluster mass.
In Fig.|7.2 we compare the matter power spectra produced with our parametrised

N-body simulations for the gravitational modifications in Eqs. (7.11)), (7.12)) and
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7.13)) against the simulations of the exact f(R) modification from |[Cataneo et al.|
for fro = —107° and fry = —107° at redshifts z = 0 and z = 1. We also
vary b and ke,,. For f ro = —107°, we find that our parametrisation with values
(b=1.1, keny = 0.16 h/Mpc) at z =0 and (b = 1.7, kepy = 0.2 h/Mpc) at z =1
provides a ~ 1% level match to the simulated power spectra of the exact model
over all scales to k = 2.5 h/Mpc. For fro = —1079, we find a sub-percent level
match for the parameters (b = 5.0, kepy = 0.1 h/Mpc) at z = 0 and (b = 6.0,
kenv = 0.005 h/Mpc) at z = 1 over all scales to k = 2.5 h/Mpc. It is worth noting
that the match to the exact simulations could be improved by allowing for the
additional variation of 7y, or by a finer grid in the parameter space. At this level
of accuracy, however, one would also need to run higher-resolution simulations.

7.3.3 Normal branch DGP gravity

Finally, we consider another widely studied modified gravity theory: the Dvali-
Gabadadze-Porrati (DGP) braneworld model [Deffayet] 2001} [Dvali et al} [2000].
For theoretical and observational consistency [Koyamal 2005] [Lombriser et al]
2009], we specify to the normal branch of the model (nDGP). The new free
parameter introduced here is the crossover scale r. that controls the leakage of
gravity from the 4D brane to the 5D bulk spacetime.

In the linear limit of the nDGP model, or the weak-brane phase, the effective
gravitational coupling Geg in the quasistatic modified Poisson equation (7.1)) is
scale independent and reads

Gegr 1
=1 7.20
where the function 3(a) is defined as
4 H H'

with primes denoting derivatives with respect to the conformal time and H in-
dicating the Hubble expansion in conformal time. More generally, due to the
Vainshtein mechanism, caused by derivative self-interactions, this linear modifi-
cation is suppressed in high-denity regions, where the model recovers GR. More
specifically [Koyama & Silval 2007}, [Schmidt] R009], for a spherically symmetric
matter density perturbation dp we have

Geﬂ‘_ 2 \/1+$_3—1

o =1+ 0 p= (7.22)

where ¥ = = and r, is the Vainshtein radius,
*

2
r, = <W> (7.23)

942
221



Chapter 7. N-body simulations for parametrised modified gravity

0.50 nDGP, z=0, rcHy = 0.5 nDGP, z=1, rcHy = 0.5 0.50
O nDGP O nDGP
0.45] —— k.=1.9 h/Mpc —— k«=2.7 h/Mpc 0.45
=== k«=1.0 h/Mpc —-+ k«=1.0 h/Mpc
0.401 __. x.=3.0 h/Mpc T ——- k-=2.0 h/Mpc 0.40
----- k:=6.0 h/M > X s ke=6.0 /M
«0.35 /Mpc /Mpc 0.35
oy
== 0.30
S
0.25
0.20
0.15
10 —— k«=1.9 h/Mpc === k+«=3.0 h/Mpc —— k«=2.7 h/Mpc ==+ k«=2.0 h/Mpc 10
g —+- k+=10h/Mpc - k«=16.0 h/Mpc —-- ke=1.0h/Mpc e k«=16.0 h/Mpc
o
(9]
V]
c
[V]
—
7]
£
o
k[h/Mpc] k[h/Mpc]
nDGP, z=0, rcHy =2.0 nDGP, z=1, rcHy =2.0
0.16 O nDGP O nDGP 0.16
k«=0.9 h/Mpc k«=1.3 h/Mpc
0.141 —.- k.=1.0 h/Mpc —-+ k«=1.5 h/Mpc 0.14
==+ k:«=1.1 h/Mpc ==+ k«=2.0 h/Mpc
0.127 ... k+=1.2 h/Mpc [RRTEETI S | RNPRITR k+=2.5 h/Mpc 0.12

10 —— k«=0.9 h/Mpc —=- ke=1.1 h/Mpc k«=1.3 h/Mpc —=- k«=2.0 h/Mpc 10
E —:- k«=1.0h/Mpc  -eee- k«=1.2 h/Mpc =+ ks=1.5h/Mpc  seeee k«=2.5 h/Mpc
=)
@ 5 5
o]
c
o
9 0
=
Qs

101 10° 107t 10°

k[h/Mpc] k[h/Mpc]

Figure 7.3: Same as Fig. but for nDGP gravity. Top panels: Comparison
for the model parameter Hyr. = 0.5 for four different values of the effective
Vainshtein wavenumber k, at z = 0 (left panel) and z = 1 (right panel). The
value k., = 1.6 h/Mpc at z = 0 and k, = 2.7 h/Mpc at z = 1 recovers the exact
simulations at percent level across all scales to k = 2.5 h/Mpc. Bottom panels:
Comparison for Hyr. = 2.0 for four different values of k. at z = 0 (left panel) and
z =1 (right panel). The values k., = 1.1 h/Mpc at z = 0 and k, = 2.0 h/Mpc at
z = 1 provide sub-percent level matches.
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with mass fluctuation
M = 4ropr® /3. (7.24)

This can be rewritten as

AGeﬁ_i\/l—FG—l

= 7.25
G 35 € ( )
with 3 8%2 2 87‘[2 2
— ..—3 T 0”c 0”c -3
e=u :<T> = g On(@)d =~ a7, (7.26)

Given that the form of the real-space transition in Eq. (7.5) is motivated by
nDGP it is trivial to cast Eq. (7.25) into Eq. (7.5):

B ar—>3, b—>2, rg—r,. (7.27)

1
— 3 6,
We now wish to translate this into a parametrisation of the gravitational modi-
fication in Fourier space, Eq. (7.7)). Note, however, that we have also performed
parametrised N-body simulations with this real-space expression and compared
against the outputs of [Cataneo et al|[2019], finding good agreement with those
when applying a smoothing radius for § (see App. [7.B]).

To obtain the parametrised modification in Fourier space, we perform the

approximation
VL (RY 28
=) =) (729

where kg = k, is the wavenumber corresponding approximately to the Vainshtein
radius 7., and we find

3 371
oo =) (@ o
While the effective screening wavenumber k, can in principle be modelled
, , we shall treat it here as a free parameter following the discussion
in Sec. [7.2.3.

As in the exact model simulations of [Cataneo et al| [2019], we adopt a cos-
mological background that matches that of ACDM, or equivalently we consider
an artificial dark energy fluid that cancels out the effect of modified gravity in
the background and as a result we obtain the same expansion history ,
2009]. We choose two different strengths of the modification, Hyr. = 0.5 and
Hyr, = 2.0, for comparing with the exact simulations. Fig. 7.3 shows the mat-
ter power spectra produced in the N-body simulations of the parametrised and
exact models for the two choices of Hyr. at two redshifts, z = 0 and z = 1.
The parametrised simulations cover different values of the effective screening
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wavenumber k,. For Hyr. = 0.5, percent matches are achieved for k, = 1.9
h/Mpc at z = 0 and k. = 2.7 h/Mpc at z = 1 up to k& = 2.5 h/Mpc. For
Hor. = 2.0 sub-percent level matches are found for k, = 0.9 h/Mpc at z = 0 and
k.= 1.3 h/Mpc at z = 1.

7.4 Conclusions

Einstein’s Theory of General Relativity has been validated by an ever increas-
ing amount of high-precision measurements ranging from the Solar System to
micron scales. However, its validation over cosmological distances at a compa-
rable precision level remains an important endeavour. Additional motivation
for cosmological tests of gravity is drawn from the requirement of a currently
dominating dark energy contribution to explain the accelerated expansion of the
Universe. Over the next decade we will benefit from new cosmological surveys
of unprecedented precision with which we will be able to put tight constraints
on the cosmological properties of dark energy and modified gravity theories. Of
special interest will be the nonlinear regime of cosmic structure formation, where
unique signatures are expected from the screening mechanisms that viable mod-
ified gravity theories must employ to recover GR in the well-tested Solar-System
region. For robust predictions of the complex nonlinear structure, matching the
observational precision with corresponding computational accuracy, we need to
perform N-body simulations of the modified large-scale structure. To date, an
excessive amount of viable modified gravity theories can be formulated based on
the prospects of novel interactions of matter with new fields. A systematic test-
ing of the manifold cosmological implications from the possible modifications of
gravity based on a model-by-model implementation in N-body codes is infeasible.

To overcome this limitation, in this paper we have proposed a parametrisation
of the modified gravity effects on the linear and nonlinear cosmological structure
formation adequate for N-body codes. It is constructed from a parametrisa-
tion framework for linear theory and a parametrisation formalism for the deeply
nonlinear scales, which is based on modified spherical collapse computations
that incorporate the effects from the variety of available screening mechanisms.
Employing this framework, we have developed MG-evolution, a Fourier-space
implementation of this approach that is built on the Newtonian version of the
gevolution N-body code. We have tested our parametrised code with a number
of widely studied modified gravity models, including f(R) and nDGP gravity,
which encompass both large-field value and derivative screening effects with the
employment of the chameleon and Vainshtein mechanisms, and for which exact
N-body implementations are available. We have shown that the parametrised
approach is capable of recovering the nolinear matter power spectra produced
by the exact code implementations of these models to sub-percent accuracy up
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to the highly nonlinear scales of k = 2.5 h/Mpc covered by our simulations.

In future work we plan to explore our nonlinear parametrised gravity frame-
work employing higher resolution simulations that extend the results to larger
wavenumbers. We moreover wish to apply and test our parametrised code with
further modified gravity models. Finally, we envisage the employment of the
code for observational applications, offering an accurate generalised modelling
tool for the exploitation of nonlinear data from forthcoming cosmological sur-
veys in large-scale tests of gravity.
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APPENDIX

7.A Semi-dynamical perturbations

In Sec. [7.2.1 we have adopted the quasistatic limit, neglecting time derivatives
over spatial deriviatives, for our description of the effective gravitational coupling
Geg in the modified Poisson equation. While this approximation is accurate in
linear theory of Horndeski scalar-tensor modifications of gravity at scales well
below the sound horizon [Lombriser & Taylor| [2015bf, it can break down at near
horizon scales and beyond. More accurately, one may therefore describe the
modification of the Poisson equation within a semi-dynamical approximation,
where time derivatives are evaluated and included at a pivot scale.

Following [Lombriser & Taylor| [2015b] we obtain for Geg = p(a, k) the k-
dependent expression

e 8TM? o+ pokfr + poakly + pckf '

where py; and M? are functions of time only, specified in [Lombriser & Taylor|
[2015b], and ky = k/(aH). Note that in the small-scale limit, formally where
k — o0, this simplifies to

1 pd 4 om (ford oo + ford
Gl oo (a) = 228 r (Jotde + Jo1d) , (7.31)

ps  8TM? = 4 ay (f\I/,uE/,oo + fC/‘CiOO)

where fy = dlnV¥/dlna and f; = dIln{/dIna encapsulate time derivatives of
the perturbations with ¢ denoting the comoving curvature. The functions pZ
and ug ACoo aT€ time dependent but independent of fy and f¢ such that velocity
fields and time derivatives of the spatial metric potential only contribute for
beyond-Horndeski models (ag # 0) at leading order in the small-scale limit
[Lombriser & Taylor| [2015b]. Hence, for Horndeski theories, at leading order
one can set fo = fy = 0, in which case Geg(a, k) can directly be expressed by
the time-dependent EFT functions {«;}, {Q2,I', A, ...}, or the inherently stable
basis [Kennedy et al.| [2018] [Lombriser et al. [2019].

Finally, alternatively to adopting the expression ([7.30), one may simply com-
pute the linear perturbations and evaluate Geg from the modified Poisson equa-
tion (7.1).
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7.B Fourier versus real space simulations

As discussed in Sec. |7.2.2, while the linear modification B in Eq. (7.4) is specified
in Fourier space, the nonlinear expression for F is generally given in real space.
It is in general computationally not feasible to find the nonlinear modification to
gravity in Fourier space from the modification in real space (e.g., nDGP) as one
has to deal with convolutions. The Fourier transformation F7 of the real-space
Poisson equation,

AG,
Fr{Voy} = Fr{(1+ ==%)p}, (7.32)
using the convolution theorem, gives
AG
2 _ eff
— oy = Fr{l+ e b« Fr{op}, (7.33)

where * refers to the convolution. Calculating this expression analytically is not
practical since we do not have access to the full dp analytically and moreover,
computing it numerically is also not feasible because we need to integrate over
all the lattice points in Fourier space which is contradictory to the nature of
N-body simulations as the equations are solved in parallel and each part of the
lattice only has access to its neighbourhood. Due to these complications we have
therefore resorted to the effective parametrised Poisson equation (7.8)).

It is however worth mentioning that we nevertheless performed real-space
simulations for the parametrisations of the f(R) and nDGP cases. In these
simulations, while we found satisfactory results for the small scale behaviours,
i.e., the chameleon and Vainshtein screening limits, for the large-scale behaviours
we initially did not. To overcome the issues at large scales we used a smoothed
density field instead of the local one in the real-space parametrised modified
Poisson equation. We performed the smoothing with a Gaussian window function
We(Z; R) defined as

i} 3 .
WG(I’, R) = m@ lof*/2R2 s (734)

where R is the smoothing radius and we can construct the smoothed density field
d(Z; R) from the local value §(Z) through

5(#R) = / 3(&\We(T; R)dT . (7.35)
We employed the convolution theorem to simplify this expression to
5(k: R) = 6(K)Wq(k; R) (7.36)

227



Chapter 7. N-body simulations for parametrised modified gravity

such that finally, the density smoothed over the radius R with a Gaussian window
function reads

§(Z, R) = Fr ' |8(k, R)e~*07/2| (7.37)

This procedure produces relatively consistent results for the parametrised real-
space nDGP simulations on all scales. The results for the large-scale behaviour in
the parametrised real-space f(R) simulations, however, does not improve. This
can be attributed to the scale dependence in the Yukawa suppressed regime of
f(R) gravity, which is not present for the nDGP modification. Having found
good agreement of the parametrised Fourier-space simulations with the exact
simulations in Sec. [7.3, we leave an improvement of the parametrisation of the
Yukawa regime in real space to future work.
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Chapter

DISTINGUISHING COSMOLOGIES
USING THE TURN-AROUND RADIUS
NEAR GALAXY CLUSTERS

Based on:

[Hansen et al|[2020] Steen H. Hansen, Farbod Hassani, Lucas Lombriser, Martin
Kunz Distinguishing cosmologies using the turn-around radius near galary clus-
ters , JCAP 01 (2020) 048, [arXiv: 1906.04748]

In Section 8, we introduce .
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Chapter 8. Distinguishing cosmologies using the turn-around radius near
galaxy clusters

Abstract: Outside galaxy clusters the competition between the inwards
gravitational attraction and the outwards expansion of the Universe leads to
a special radius of velocity cancellation, which is called the turn-around radius.
Measurements of the turn-around radius hold promises of constraining cosmolog-
ical parameters, and possibly even properties of gravity. Such a measurement is,
however, complicated by the fact that the surroundings of galaxy clusters are not
spherical, but instead are a complicated collection of filaments, sheets and voids.
In this paper we use the results of numerically simulated universes to quantify
realistic error-bars of the measurement of the turn-around radius. We find that
for a ACDM cosmology these error-bars are typically of the order of 20%. We
numerically simulate three different implementations of dark energy models and
of a scalar dark sector interaction to address whether the turn-around radius
can be used to constrain non-trivial cosmologies, and we find that only rather
extreme models can be distinguished from a ACDM universe due to the large
error-bars arising from the non-trivial cluster environments.

8.1 Introduction

The turn-around radius is the unique distance where the gravitational pull of
large cosmological structures exactly cancels the expansion of the Universe. It
therefore provides a special place to constrain the properties of the expanding
universe, for instance the amount of dark energy [Pavlidou & Tomaras| 2014}
[Pavlidou et al} [2014], or the force of gravity from the gravitational structures
[Cataneo & Rapetti 018] [Faraoni, R016]. The main observational difficulty with
a measurement of the turn-around radius is that the 3-dimensional position of
galaxies is very difficult to obtain, since only the 2-dimensional position on the
sky is readily observable. For very nearby objects it may be possible to measure
the turn-around radius directly [Hoffman et al} [2018]. This complication at
cosmological distances may be overcome if one could measure a coherent motion
of some of the galaxies. Omne such possibility was suggested in [Falco et al.
, where it was demonstrated that galaxies in large 2-dimensional sheets
in their early phase of gravitational collapse indeed have properties allowing
one to determine the full 3-dimensional spatial distribution. From numerical
simulations it is known that these large structures are Zeldovich pancakes (also
called sheets), which are over-densities that have only collapsed along the one
dimension [Brinckmann et al} 2016} [Wadekar & Hansenl 2015]. In reference
, |2015 | it was proposed that it is possible to use a detection of such a sheet
to actually measure the turn-around radius. This method has subsequently been
investigated in a series of papers, in order to measure properties either of the
clusters or of the expanding universe [Lee| [2016] 2017} [2018], [Lee & Li| [2017], [Lee]
(& Yepes [2016], [Lee et al|[2015a], [Rong et al| [2016]. It was recently suggested
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that ACDM model and an f(R) model of modified gravity could fairly easily
be distinguished in the future, by measuring the turn-around radius and the
virial mass |Lopes et all [2019] (see also [Capozziello et al] [2018] [Lopes et al.|
2018]). Most of the analyses mentioned above assume that the gravitational
potential of the large cosmological structures are approximately spherical, and
that the measured turn-around radius in a given direction therefore provides a
fair representation of the turn-around radius of the galaxy cluster. The departure
from sphericity around a galaxy cluster does, however, induce a large scatter in
the measured turn-around radius. This is because the coherently moving galaxies
(Zeldovich pancakes) which are used to measure the turn-around radius, are quite
localized in space, and hence highly directional. In this paper we will first of
all check to which degree this is an accurate approach, and at the same time
we will quantify the magnitude of the error-bar of the measured turn-around
radius. It turns out that the corresponding error-bars are significant, and must
be included in future analyses. We then use this result to evaluate to which degree
one can actually use measurements of turn-around radii to constrain alternative
cosmologies. As concrete examples we consider the numerical implementations
of three dark energy models and of a scalar dark sector interaction, which can be
compared with the standard ACDM cosmology. We demonstrate that a correct
inclusion of the systematic error-bars is very important, and makes it rather
difficult to distinguish between different cosmologies.

8.2 Turn-around radius

Figure |8.1] exemplifies the non-triviality of uniquely defining the turn-around
radius for realistic cosmological structures. The green dots show particles within
10 virial radii of the cluster. The larger, red triangles show particles which have
the property that they have zero radial velocity with respect to the central cluster
(plus/minus 100 km/sec), and should thus represent particles at the turn-around
radius. The red particles shown in the left panel are selected from a thin slice of
width half a virial radius, and we only select particles outside of two virial radii,
since the particles inside the virial radius on average are all at rest with respect
to the centre. The filled, central circle represents 1 virial radius. The red circle
is a guide-the-eye line at 5 times the virial radii.

The problem is clearly seen on the left panel of figure 8.1, namely that it is
very difficult to define a unique turn-around radius. First of all, in directions
in space with significant substructure, the turn-around radius may appear sig-
nificantly closer to the cluster, because the gravitational potential of the large
substructures affects the flow.

The second issue is, that it is not easy to observationally select a spatial
slice, because it is virtually impossible to measure the line-of-sight distance to a
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Figure 8.1: This figure exemplifies that the turn-around radius is hard to identify
uniquely. The green dots represent all particles out to 10 virial radii around a
large galaxy cluster. The central blue region is one virial radius, and the red
circle is a guide-the-eye line. The red, triangular symbols represent galaxies which
happen to have zero radial velocity with respect to the central galaxy cluster. The
corresponding radius is the turn-around radius. Along directions with massive
substructures the potential is highly non-trivial (and non-spherical) and hence
the turn-around radius depends on the direction in which it is measured. Left
panel: The zero radial velocity galaxies (colour-coded red) are selected from
a thin slice perpendicular to the line-of-sight. Right panel: All the (almost
spherically distributed) galaxies with zero radial velocity are colour-coded red.

given galaxy. Therefore a more realistic representation would be the right panel
in figure [8.1. This figure demonstrates the necessity of first identifying some
coherence between some of the galaxies, for instance by first finding a sheet, as
proposed in [Falco et al [2014].

The large substructures on the r.h.s. of Figure 1 appear to have zero radial
velocity. That is mainly an effect of the use of "large" symbols, and the fact
that we here colour-code all particles with zero velocity plus/minus 100 km/sec.
This velocity range was chosen to make the infall galaxies visible on the L.h.s. of
Figure. 1. The substructures each have a significant internal velocity dispersion,
and only a fraction of their particles happen to have zero radial velocity with
respect to the direction towards the nearby galaxy cluster at this specific moment
in time.

Some of the zero-radial-velocity particles may happen to be splashback par-
ticles (returning towards the cluster after a recent merger). Such particles are
not likely to end up as coherently moving galaxies (like in a Zeldovich pancake)
so we have not studied this further.
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8.3 Finding the turn-around radius

Measuring the turn-around radius requires a few steps |[Lee et al] [2015b]. The
first is to find a collection of galaxies whose motion is somehow correlated. The
simplest choice is probably to select galaxies which form part of a Zeldovich
pancake [Falco et al} [2014]. These are identified as lines in observational phase-
space, which is the directly observationally space spanned by projected radial
distance and line-of-sight velocity. Some of the disadvantages of using the Zel-
dovich pancakes are that they are almost invisible on the sky (their projected
spatial over-density is quite low), and secondly that they must be viewed at
an angle between 20 and 70 degrees with respect to the line-of-sight
mann et al} [2016]. The advantage is, that once found, the infall velocities of
the galaxies belonging to the pancake is coherent. This allows one to determine
the viewing angle of the pancakes, and thereby the actual radial distance to the
nearby galaxy cluster can be determined [Falco et al| [2014].

The next step is to use that the radial velocities of galaxies near a galaxy
cluster are the sum of two terms, namely the expansion rate of the Universe,
vy = r H, and the peculiar velocity, v,, which is negative due to the attractive
force of gravity directed towards the large nearby galaxy cluster. One thus has

vy = vy + U, (8.1)

It happens that the peculiar velocity typically follows the simple form

vp = —a (n,)b : (8.2)

r

where the coefficient b is of the order 0.42 for massive galaxy clusters
. This shape of the peculiar velocity profile is often valid in the range
between 3 and 10 virial radii. The virial radius, r,, is here defined as r9p9, namely
the radius within which the average density is 200 times the average density of
the universe. The constant a is a normalization to be determined. The detailed
coefficients of equation (8.2) are, however, both dependent on the cluster mass
and redshift [Falco et al| [2014], [Lee| [2016]. In the analysis of this paper we
will only use the fact that the shape is given by equation (8.2)), and we will even
allow the coefficients to be different for different directions around a given galaxy
cluster.

The last step is now to solve eq. (8.1) for v, = 0, which directly gives us
the turn-around radius [Lee et al| [2015b]. In a future actual measurement one
would also have to propagate the error-bars on the Hubble parameter and on the
measured galaxy positions. For the present analysis we do not need to consider
these.

In this paper we wish to measure the general scatter in the turn-around radius
near galaxy clusters, and we therefore use all 49 directions in space. This means
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that in this paper we do not need to identify Zeldovich pancakes. Instead, we
take the full region near galaxy clusters directly from a numerical simulation,
and solve egs. (3.1) and (3.2) to find v, = 0 in 49 directions in space.

8.4 Spatial cones

For each numerically simulated galaxy cluster we wish to investigate the effect of
non-sphericity on the determined turn-around radius. In order to quantify the
variations along different directions in space, we separate the sphere into 49 cones
of equal size. This fraction is chosen to resemble the fraction on the sky covered
by a Zeldovich pancake [Brinckmann et al.} 2016} [Falco et al}[2014]. The peculiar
velocity of the particles in each cone are now averaged in spherical bins, and the
result is shown in figure 8.2 The solid, red curve is the spherical average of the
full sphere. This figure shows a particularly well-behaved and relaxed cluster,
and therefore the infall profiles are similar in all directions. In the innermost
region (inside 1 or 2 virial radii) we see that the peculiar velocity equals minus
the Hubble expansion, in such a way that the average radial velocity is zero in
eq. (8.1). At large radii (from about 4 to 10 virial radii) the peculiar velocity
is seen to slowly go to zero. The spherical average is seen to represent a fair
average of the 49 cones.

A much more typical infall velocity picture is shown in figure 8.3 First of all
we see a larger spread amongst the velocity profiles of the 49 directions, and a few
of the directions are even seen to have positive peculiar velocities (crossing zero
around 8 virial radii for this specific cluster). A few of these directions are here
color-coded red. The cause of these positive peculiar velocities are large nearby
structures, whose potentials significantly perturb the velocities of the particles in
those directions. This is clearly seen in figure 8.4, where those regions are again
color-coded red (triangles, at 4 o’clock). Another problematic peculiar velocity
curve is seen in figure 8.3/ to depart from the average trend around 6 virial radii,
and becoming larger (more negative) at increasing radii. A few of these directions
are color-coded blue. This is another feature of large, nearby substructures, as
clearly seen on figure 8.4 (squares, at 1 o’clock).

When we identify Zeldovich pancakes on the sky, it is straightforward to avoid
directions in space which have large overdensities of galaxies. We therefore as-
sume that these directions have been identified, and we will remove them from
the following analysis. Concretely, for this paper we use a simplified approach,
and perform the following two tests. First, if the velocity profile along a specific
direction happens to have positive peculiar velocity, then we remove that direc-
tion from the analysis (corresponding to the red lines in figure 8.3). Secondly,
for any given direction in space, we will fit a power-law to the peculiar velocity
both between 3-5 and 5-7 virial radii, and if any of the power-law coefficients
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Figure 8.2: Peculiar velocity as a function of radial distance. The 49 green lines
each represent particles in a cone on the sky. The solid red curve is the spherical
average. This cluster is particularly well behaved and equilibrated. Within
approximately 1 virial radius the average radial velocity is zero, and therefore
eq. (3.1) tells us that the peculiar velocity on average exactly cancels the Hubble
expansion. Between approximately 1 and 3 virial radii there is infall towards the
galaxy cluster (the total radial velocity is negative), and toward larger radii the
peculiar velocity transitions slowly to zero.

are negative, then we remove that direction (corresponding to the blue lines in
figure 8.3).

All the remaining directions will have slightly different infall profiles, and in
order to measure a realistic error-bar for the determined turn-around radius, we
will compare the variation amongst all these directions.

For each direction we now fit a power-law to the peculiar velocity in the radial
range 3 — 7 virial radii

vp(r) = —a (Tv>b . (8.3)

r

Including slightly smaller/larger radii has very small effect on our conclusions.
Since we know the full radial velocity is given by

Ty

v.(r)=rH—a <>b : (8.4)

r

we can find the turn-around radius by solving v,(r) = 0 for the radius

[2015b]. For each cluster we now have up to 49 values for the turn-around
radius. As a measure of central value and error-bars we use the 50, 16.8 and
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Figure 8.3: Peculiar velocity as a function of radial distance. The 49 lines each
represent particles in a cone on the sky. Many of the directions are seen to behave
similarly at large distances, however, a few directions stand out: A few directions
(red) even have positive peculiar velocities, and a few have a clear transition
(blue, here transitioning between 6 and 8 virial radii). These non-trivial peculiar
velocity profiles arise because of massive sub-structures perturbing the overall
potential.
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Figure 8.4: The spatial distribution of the particles belonging to the peculiar
velocity profiles of figure 8.3l Some of the particles at 4 o’clock even have positive
peculiar velocities.

83.2 percentiles. Since the distribution of the turn-around radii is unknown, we
also compare with error-bars estimated by fitting a Gauss (as well as an inverse-
gamma distribution) to the distributions of turn-around radii, and we find no
statistically significant change in any conclusions.

We select 100 massive clusters in the mass-range 1 10%4 M, in a given
numerical cosmological simulation. Considering first a standard ACDM cosmo-
logical simulation, we plot the central turn-around radius with error-bars as a
function of virial mass in figure From this figure we see two things, first
of all that the error-bars are rather significant for any given cluster, typically
of the order 20%. For equilibrated and fairly isolated clusters this may be as
low as 10%, and for less equilibrated clusters as high as 40%. And second, that
there are large variations from cluster to cluster, even for similar mass clusters.
The relative error-bars are shown in figure for 100 clusters from a ACDM
simulation.

014.2 _

The trend of the mass-dependence of the turn-around radius can be approx-
imated with a line of the shape

M
Tta = T15 + ay X log (W) . (85)
©

Today less than 10 Zeldovich pancakes have been identified, and yet we are
considering using 100 as a future goal. In principle one could generalize the
statistical analysis in the present paper by varying the number of clusters. We
leave that for a future analysis.
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Figure 8.5: The measured turn-around radius as a function of virial mass for 100
massive galaxy clusters from a ACDM simulation. The data can be approximated
with a line of the shape in equation (8.5)) using 5 = 5.2+0.1 and o, = —0.74 £
0.4.
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Figure 8.6: The relative error-bars on the turn-around radius as a function
of mass for a ACDM simulation. The figure shows the symmetrized error-bars
divided by the central value of 7,.
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8.5 Various cosmologies

In order to quantify the capability of the turn-around radius to constrain non-
standard cosmologies, we shall consider three different classes of scalar field the-
ories embedded in the action

5= [devg [2]: + K (6, X)| + Seltbe; A2(6) g + Solthe; A2(6)gun],  (3.6)

where K (¢, X) is a free function of the scalar field ¢ and X = —10"¢0,¢. AZ(})
and A% (¢) describe couplings of the cold dark matter and baryonic matter fields,
. and vy, to the metric field g,, defining the Ricci scalar R. Furthermore,
k? = 871G with bare gravitational coupling G.

In the following, we shall briefly introduce the three specific models of interest:
quintessence (Sec. 8.5.1) and k-essence (Sec. [8.5.2) dark energy and a scalar field
interaction between cold dark matter particles (Sec. 8.5.3). In Sec. |8.6, we will

then describe the numerical implementations and simulations.

8.5.1 Quintessence

Quintessence [Ratra & Peebles| [1988],[Wetterich| [1988] theories are the archetypal
dark energy models and are described by Eq. (8.6) with the choice of K(¢, X) =
X — V(¢) with a canonical kinetic contribution, linear in X, and the scalar field
potential V(¢). The models are minimally coupled to the matter sector with
Ay = Ao = 1. The freedom in choosing V' (¢) can be represented by the freedom
in choosing the time dependent dark energy equation of state —1 < w(t) < 1,
where

¢ -2V
W=
»? +2V
and dots indicate derivatives with respect to cosmological time ¢.

(8.7)

8.5.2 k-essence

The k-essence [Armendariz-Picon et al| [1999] models describe a class of more
exotic dark energy models with noncanonical kinetic contributions in K (¢, X),
nonlinear in X, that are minimally coupled to the matter fields (4, = A. = 1).
The freedom in the choice of function K (¢, X) introduces an additional freedom
over the quintessence models with the squared nonluminal sound speed of scalar
field fluctuations

K
2 = X (8.8)
90X Kxx + Ky
in addition to %
N 8.9
YO Ky - K (8.9)
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where subscripts of X denote derivatives with respect to X.

8.5.3 Scalar dark sector interactions

As a third example, we study the interaction of cold dark matter with the scalar
field ¢, specified by the choices K(¢, X) = X — V(¢), a minimal coupling to
baryons A, = 1, and nonminimally coupled dark matter particles A. = A(¢).
We choose an interaction

A%(p) =1+ ﬁmp (8.10)

and a potential of the form

V(@) = Vo + Viy/ro (8.11)

_ 1/2
A Ry 2

where Ry is the Ricci scalar evaluated at the current cosmological background

with

and o is the model parameter with y = \/%ngb. For x¢ < 1 the background
matches that of ACDM, and for our analysis we shall adopt the parameter value
X0 = 10—,

Note that we have chosen the model such that the dark sector interaction
reduces to the Hu-Sawicki (n = 1) f(R) gravity model [Hu & Sawicki| [2007]
in the absence of baryons (S, = 0). In this case, xyo = — (df/dR)\R:R(ZZO) =
— frlp R(r=0) = — fro- The correspondence follows from applying the conformal
transformation of the metric g,, = A%(¢)g,, in the limit of y < 1 (¢ < 1). The
resulting coupling to the Ricci scalar can be cast as fg R such that the Lagrangian
density of the gravitational sector becomes £, = R + f(R) with f(R) = —2A —
froR%/R. For simplicity, we will assume here that all matter is in the form of cold
dark matter such that the models become equivalent. Stringent Solar-System
constraints on f(R) gravity, relying on a baryonic coupling, however, no longer
apply. Cosmological constraints [Lombriser| [2014] such as from the abundance
of clusters that are largely independent of the baryonic coupling require xo <
(107 — 10™1) [Cataneo et al] [2016], [Lombriser et al| [2012a], [Schmidt et al]
[20001).

The choice of interaction (8.10) and potential (8.11) induces a chameleon
screening mechanism for deep gravitational potentials |WUx| > 3 [0x| /2 = 3 |x — xo| /2.
The potential wells for the structures considered in this work are, however, sig-
nificantly weaker (yo = 107%). Screening effects can therefore be neglected, and
we can adopt a linearisation of the interaction. More specifically, we linearise
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the quasistatic scalar field equation around the cosmological background such
that [Lombriser et al|[2012b], [Schmidt et al.| [2009a]

2
V2i6y — m*6y = %(5pm , (8.13)

where the scalar field mass of the Yukawa interaction is given by

1 R
m? = ——. (8.14)
6X0 RO
For the Poisson equation
2 K -

this implies an enhanced effective gravitational coupling for the cold dark matter
particles constituting dp,,, which in Fourier space is given by

k2 1 k2 K2
—Uy=—(1+=————= ] —pm. 8.16
a2 N < +3k2+m2a2> 2 p ( )

8.6 Numerical simulations

To investigate the power of using the turn-around radius in distinguishing dif-
ferent cosmologies, we run simulations for k-essence dark energy (Sec. 8.5.2))
models and a scalar field interaction in the dark sector that reduces to linearised
f(R) gravity in the absence of baryons. These can then be compared with a
standard ACDM simulation. The initial conditions for the simulations are set
using the linear transfer functions from the linear Boltzmann code CLASS
at high redshift (z=100). All simulations use the same seeds as
initial conditions. Our ACDM simulations are performed using the gevolution
code, which is a relativistic particle-mesh N-body code with a fixed resolution
[Adamek et al| [2016a]. For the k-essence and quintessence simulations we have
used the k-evolution code, which is a relativistic N-body code based on gevolu-
tion, in which the k-essence scalar field and Einstein’s equations are solved to
update the particles’ positions and momenta. Detailed tests of this code will be
presented in [Hassani et al.| [2019¢| [2020D].

The simulation of the scalar dark sector interaction is performed through an
implementation of the modified Poisson equation (8.16) in a Newtonian N-body
code based on gevolution [Hassani & Lombriser] [2020], which has been validated
against the results of Ref. [Schmidt et al.| [2009a].

We have thus four different simulations (in addition to ACDM) to quantify
the effects of a different background, clustering of a k-essence scalar field and
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the effect on the clustering coming from the scalar dark sector interactions on
the turn-around radius. All simulations have a comoving boxsize of L = 300
Mpc/h, and discretize the fields on a grid of linear size Ngugs=512, giving a
length resolution of 0.58 Mpc/h. The dark matter phase space is sampled by
N,pa = 5123 particles, corresponding to a mass resolution of 1.74 x 10'° Mg /h.
The detailed parameters of each simulation are shown in table 8.1.

ACDM SDSI quintessence  quintessence k-essence
Kpivot. [51pc) 0.05 0.05 0.05 0.05 0.05
A, 2.215 x 107% 2215 x 1072 2215 x 107 2215 x 107 2.215 x 107°
Qph? 0.022032 0.022032 0.022032 0.022032 0.022032
Qeamh? 0.12038 0.12038 0.12038 0.12038 0.12038
Tomn [ K] 2.7255 2.7255 2.7255 2.7255 2.7255
Ny 3.046 3.046 3.046 3.046 3.046
2 - - 1 1 —107
Qx 0.687862 0.687862 - - -
Qqe - - 0.687862 0.687862 0.687862
Wee - - -0.9 -0.8 -0.9
Xo - 10~* - - -
Initial redshift 100 100 100 100 100

Table 8.1: The table shows the full information of the simulations, the red color
shows where the parameters are changed in different simulations. In the absence
of baryons the scalar dark sector interaction (SDSI) model matches a linearised
Hu-Sawicki (n = 1) f(R) gravity model with xo = |fro|- Note that the imagi-
nary sound speed for k-essence is simply chosen to maximise phenomenological
modifications in the simulations.

8.6.1 Results

We compare two of the non-trivial cosmologies with a ACDM simulation in figures
8.7 and 8.8 The first impression is that it will be very difficult to distinguish
between different cosmologies, because of the large error-bars for each cluster,
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Figure 8.7 ACDM v.s. k-essence with w = —0.9 and ¢ = 1 (corresponding
to a quintessence model). The turn-around radius for the quintessence model
with w = —0.9 (red symbols, red solid line) is seen to have essentially the same
dependence on mass as ACDM (blue symbols, blue dashed line). These two
models cannot be distinguished when measuring the turn-around radius for 100
galaxy clusters.

and the large cluster to cluster variation. To that end a careful statistical analysis
is needed.

One might wonder if it would be advantageous to consider galaxy groups
(or galaxies [Pavlidou & Tomaras| [2014]) to perform this analysis. That is,
however, still not possible, because the turn-around radius is still only measurable
using the Zeldovich pancake method, which only works near galaxy clusters.
The reason is, that the Zeldovich pancake method relies on the gravitational
perturbation exerted by the cluster on the nearby galaxy flow.

In order to address the problem of cosmic variance, we ran 3 extra numerical
simulations of standard ACDM universes, with different random seeds for the
initial conditions. By comparing the analysis of each of these universes against
the prediction from our first simulation we can estimate the magnitude of vari-
ance between different representations of the same cosmology. To that end we fit
the first ACDM simulation result by a fit of the shape given in eq. (8.5), 7fit. This
is then used in a chi-squared comparison where we use a sum over the clusters

=Y W . (8.17)

i 03

Here we use symmetrized error-bars for o; (average of upper and lower error-
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Figure 8.8: ACDM v.s. scalar dark sector interaction (SDSI). The turn-around
radius for the SDSI model (red symbols, red solid line) is seen to have moved to
slightly higher turn-around radius for the same mass, when compared to ACDM
(blue symbols, blue dashed line). The SDSI mass-dependence of the virial mass
may be approximated with a straight line of the form in equation (8.5), using
ri5 = 5.4 4+ 0.08 and o, = —0.7 & 0.3. Measuring the turnaround radius for
approximately 100 clusters will allow one to distinguish the two cosmologies.

bars). Our first simulation has x? per degree of freedom of 0.8, indicating that
the error-bars are reasonable.

Comparing with each of the other ACDM simulations leads to Ax? between
1 and 6. This implies that when any given cosmology is contrasted with the
ACDM, then any Ay? less than approximately 6 will not allow us to distinguish
the two.

When we perform the same statistical estimator for the simulations of quintessence
or k-essence (see the cosmological parameters in table 8.1) we get Ayx? less than
6 for all the cosmologies. This implies that none of the cosmologies will be
distinguishable from ACDM.

The same statistical estimator for the simulations of SDSI cosmology gives
Ax? = 9.2, and thus indicates that it will (as the only one amongst the ones
considered here) be distinguishable from ACDM. Formally one might think that
Ax? = 9.2 implies that for the two free parameters used in the fit, the two
cosmologies are distinguishable at 99% CL, however, that estimate does not
include the cosmic variance, and the real CL is therefore smaller. A careful
analysis of the statistics would require a larger number of simulations and is
beyond the scope of this paper.
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8.7. Conclusions

The entire analysis presented above has been based on observations at redshift
zero. It is clear that different cosmologies have different evolution and structure
formation, and it is therefore likely that an analysis including the redshift depen-
dence will lead to somewhat stronger constraints than what we have obtained
here.

8.7 Conclusions

The environments of galaxy clusters are complex distributions of sub-structures,
filaments, sheets and voids. This implies that the turn-around radius, where
the radial velocity of galaxies is zero, varies when different directions in space
are considered. This implies that one must include a systematic error-bar when
measuring the turn-around radius in the future. We use ACDM numerical simu-
lations to quantify the magnitude of this error-bar, and we find that it is about
20% of the measured turn-around radius for typical clusters, going down to about
10% for the most equilibrated and spherical structures. Furthermore, we show
that one must carefully avoid measuring the turn-around radius along directions
with large sub-structures.

We use a range of non-trivial cosmological simulations to gauge to which
extent the inclusion of this realistic error-bar allows one to measure a departure
from a ACDM universe, and we find that it becomes possible only for the most
extreme cosmologies we considered, such as scalar dark sector interaction with
fairly large interactions.
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Chapter

SUMMARY AND CONCLUSION

9.1 Summary

To understand the reason behind the observed accelerating expansion of the Uni-
verse is one of the most notable enigmas in modern cosmology, and conceivably
in fundamental physics. In the upcoming years, near future surveys will probe
structure formation with unprecedented precision and will put firm constraints
on the cosmological parameters, including those that describe properties of the
dark energy. In light of this, this thesis focuses on precision cosmology by char-
acterizing the non-linear evolution of cosmological components using N-body
simulations. We consistently study the dark matter and dark energy/modified
gravity theories up to non-linear scales and pinpoint viable models by comparing
our results to observational data.

In Chapter 2| we obtained the general effective field theory parameterisation for
k-essence model employing the weak field approximation. Making use of the ob-
tained k-essence equations in the effective form, we have developed k-evolution,
a relativistic N-body code based on gevolution, to study clustering dark energy
precisely. In this setup, we compared the results from k-evolution with those of
the linear Boltzmann code CLASS and gevolution to quantify the effect of non-
linearities on the dark matter, dark energy and gravitational potential power
spectra. In addition, we commented on the Newtonian N-body simulations with
back-scaled initial conditions using k-evolution code.

In Chapter 3, with our purpose-built N-body code, k-evolution, that solves the

coupled evolution of dark energy field and the dark matter particles, we studied
the cosmological observables extracted from the gravitational potential, specif-
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ically the integrated Sachs-Wolfe and non-linear Rees-Sciama effect (ISW-RS)
weak gravitational lensing, Shapiro time delay and gravitational redshift com-
puted on the past light cone of an observer at z = 0. The observables discussed
in this paper are calculated via a raytracing method integrating to the source
redshifts z ~ 0.85 and z =~ 3.3, covering respectively a full sky map and a pencil
beam in our simulations. Comparing results from the two N-body codes, gevo-
lution, and k-evolution with the linear Boltzmann code CLASS we were able to
evaluate the different effects coming from dark energy, specifically the effect from
a different background evolution, from linear dark energy perturbations and from
the non-linear evolution of dark energy itself. In this chapter we showed that
among all observable the ISW-RS signal is the strongest probe of the clustering
of dark energy.

In Chapter |4 we studied metric perturbations in the weak-field regime of General
Relativity, in the presence of a k-essence scalar field as dark energy. We showed
that the short-wave corrections to the Hamiltonian constraint are negligible at
all redshifts and all scales, while the relativistic terms are only relevant at large
scales, leaving the terms with the matter and k-essence density perturbations as
the main source at quasi-linear and small scales. The relativistic terms and the
density perturbations can be combined, in the usual way, to form a linear Poisson
equation that then holds on all scales of interest in cosmology. We studied the
contribution of the k-essence scalar field to the metric perturbations through the
i parametrisation that encodes the additional contribution of a dark energy fluid
or a modification of gravity to the Poisson equation. We encoded our k-essence
simulation results for p(k,z) in an easy-to-use tanh-based fitting function, to-
gether with recipes on how to include the function in linear Boltzmann codes
or Newtonian N-body simulations with different expansion rate but without the
additional k-essence field.

In Chapter 5| we discussed non-linear terms in the EFT of DE for k-essence
model. Such terms open a new window in cosmological models for dark energy.
We studied such models in 341 dimensions using k-evolution code. We discov-
ered that in the case of low speed of sound (high Mach number in the fluid
description) where some linear terms vanish from the dynamics of dark energy,
the non-linear partial differential equation for dark energy suffers from a non-
linear instability and the Universe, as a result, ceases to exist in a finite time.
We showed analytically, for the 141 dimensional case, that the divergence is real
and is not an artifact in the numerical simulations. The important conclusion
in this chapter is that k-essence dark energy as a fluid with high Mach number
(low speed of sound) cannot be used as a viable candidate for explaining the
accelerated expansion of the universe, because the evolution will diverge before
one reaches the current epoch.
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9.2. Outlook

In Chapter 6l we showed that a numerical study of relativistic effects can have
two problems. First, the integration method must have a small enough time step
to reach a precision which is better than the size of the relativistic correction.
Second, if, additionally, the forces are discretized, the grid size must be quite
fine, so that the relativistic corrections are not washed out by the approxima-
tion. In particular, our results allow one to estimate for which choices of T, e,
and 6, the relativistic effects are larger than the numerical and discretization
effects generated by h and dx.

In Chapter 7| we have proposed a parametrisation of the modified gravity ef-
fects on the linear and nonlinear cosmological structure formation adequate for
N-body codes. We have tested our parametrised code, MG-evolution, with a
number of widely studied modified gravity models, including f(R) and nDGP
gravity, which encompass both large-field value and derivative screening effects
with the employment of the chameleon and Vainshtein mechanisms, and for which
exact N-body implementations are available. We showed that the parameterised
approach is capable of recovering the nolinear matter power spectra produced
by the exact code implementations of these models to sub-percent accuracy up
to the highly nonlinear scales of k = 2.5 h/Mpc covered by our simulations.

In Chapter [§ we used ACDM numerical simulations to quantify the magnitude
of a systematic error-bar when measuring the turn-around radius, and we found
that it is about 20% of the measured turn-around radius for typical clusters, go-
ing down to about 10% for the most equilibrated and spherical structures. Fur-
thermore, we showed that one must carefully avoid measuring the turn-around
radius along directions with large sub-structures. We used a range of non-trivial
cosmological simulations to gauge to which extent the inclusion of this realistic
error-bar allows one to measure a departure from a ACDM universe, and we
found that it becomes possible only for the most extreme cosmologies we consid-
ered, such as scalar dark sector interaction with fairly large interactions.

9.2 Outlook

The works that we discussed in this thesis can be expanded in different directions.
Possible directions regarding Chapter 2 are:

e Going beyond k-evolution code and developing N-body simulations of a
wide class of dark energy and modified gravity (DE/MG) models. This re-

249



Chapter 9. Summary and Conclusion

quires us to obtain the relevant equations of motion for EFT of dark energy
and modified gravity theories written in the weak field approximation.

Quantifying the degeneracy between the effect of massive neutrinos and
clustering dark energy.

Developing N-body simulations to explore the effect of non-standard dark
matter scenarios on the structure formation

Systematic study of primordial gravitational waves using relativistic V-
body simulations.

Concerning Chapter 4] the interesting ideas are:

Providing fits to p(k, z) for a wider range of parameters. We are going to
encode our DE/MG simulation results for p(k, z) in an easy-to-use tanh-
based fitting function, together with recipes on how to include the function
in linear Boltzmann codes or Newtonian N-body simulations with different
expansion rate but without additional DE/MG field.

Providing tanh/sigmoid function fits to pu(k, z) for some MG theories to
improve the EuclidEmulator.

Possible projects concerning Chapter [5:

In an ongoing project with Pan Shi and Peter Wittwer in [Shi, Pan et. al|
Eﬂ, we are studying the instability in 1+1 D mathematically. We have
already found the universal solution and blowup time for some class of
initial conditions. We also have proved the existence and uniqueness of the
solution.

Using the results of the math paper in 1+1 D, we plan to put new con-
straints on the properties of clustering dark energy and possibly some
DE/MG scenarios.

Future plans regarding Chapter |7:

In future work we plan to explore our nonlinear parametrised gravity frame-
work employing higher resolution simulations that extend the results to
larger wavenumbers.

We plan to apply and test our parametrised code with further modified
gravity models.

Possible projects regarding Chapter |8;
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9.2. Outlook

e Looking at the time evolution of the turn around radius to see its sensitivity
to cosmology and possibly put new constraints on the background evolution
and the properties of dark energy component.

e Constraining dark matter properties by considering the dynamics in and
near galaxy clusters using state of the art simulations.
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